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SUMMARY

An analytical and experimental program in three phases was carried out
for the purpose of assessing the feasibility of & freeze-out technique for
control of trace contaminants in atmospheres of manned spacecraft. The Phase
I task area was to perform analysis which defined performance and limitations
of the technique, based on the MORL vehicle in the primary and several alter-
nate missions. The Phase IT experimental effort included design, fabrication,
and operation of a laboratory breadboard freeze-out apparatus to determine
freeze-out performance with & selected group of potential conteminants. The
Phese III task area was to evaluate feasibility of the method, based on re-
sults of Phases I and IT, and to establish follow-on objectives.

The analytical work of Phase I included a compilation of physicel pro-
perties of 122 potential contaminants and the plotting of the solid phase
vapor pressures versus temperatures, Freeze-out temperatures were determined
which would limit the contaminant contents in the cabin air to the space maxi-
mum allowable concentrations. The results showed that removal could be achieved
for about 85% of the contaminants at 200°R, however, the loss of COp and water
at this temperature may not be acceptable. A higher outlet temperature (280°R)
would eliminate the COp loss but also remove fewer contaminants (60% versus
85%). Process rates were calculated for a selected group of test contaminants,
and it was found that ammonia was the probable controlling item for flow rate.
Radiator analyses for the MORL missions showed that temperatures attainable
during the primary mission and some alternate missions are not low enocugh.
Sufficiently low temperatures can be reached with proper radiator orientation
in synchronous earth orbits and in interplanetary flight. Radiator prelim-
inary design concepts were established and pressure drop and temperature
characteristics were determined. Freeze-out system studies showed that the
MORL cryogenic stores are inadequate alone for contaminant removal and would
not significantly supplement a radiator system. Several preliminary system
configurations were established incorporating radiators with various other
camponents such as regenerative heat exchangers.

The experimental phase started with design and fabrication of test
apparatus for contaminant freeze-out under temperature and flow conditions
approximating those of a radiator tube. Tests were run on seven compounds
in dry air, with contaminant content at about the maximum acceptable concen-
trations established in Phase I. Removal effectiveness values varied from
Lo% to over 95%. A filter at the outlet improved removal markedly in some
cases, however, deposition on the filter caused increased pressure drop.
Testing with a molecular sieve showed that emmonia is strongly adsorbed in
zeolite, and both ammonia and benzene are adsorbed at high efficiency in
silica gel. This suggests that neither chemical can be used to pre-treat the
radiator feed air for the purpose of CO2 and Ho0 removal,



INTRODUCTION

Among the problems which must be solved for long-term manned space flight,
gaseous contaminant control is one of the most importent, Empiricel data is
meager on the long-term effects of the many possible conteminants on man, and
applicable theories concerning toxicity are lacking. Further, the procurement

of additional date on long-term metabolic toxic limits would be a tremendous
task.

The magnitude of the problem depends somewhat upon the removal devices
used for air purification. The better the removal and control, the less the
effort which must be devoted to defining human tolerance to contaminants.
Recommended toxic gas removal techniques for spacecraft have included chemical
adsorption and absorption, and catalytic conversion of compounds to HpoO and COp
which are removed by major subsystems of the life support system (ILSS), Con-
version is usually limited to specific compounds such as Hp, CO, and CHy. In
addition, conversion devices such as high temperature catalytic burners can
create compounds which are more toxic than the originsl compounds processed,

To handle the many trace compounds possible in manned spacecraft, adsorp-
tion in activated charcoal is usually recormended. This technique has excel-
lent capabilities but will not remove all compounds and its removal capability
for a given compound is difficult to accurately predict. Also, the interference
effect due to the presence of many gases may alter charcoal's capacity for a
particular gas for which test data is available,

An additional means of contaminant removal which has been suggested is
freeze-out. It has the advantage that date on freezing temperatures are avail-
able, and therefore, it may be possible to predict the performance of a freeze-
out device. Ideally, a low enough temperature used for freeze-out will remove
any compound in the presence of any other compound. Practically, however,
this technique is limited to compounds with freezing points above that of
oxygen and further may be limited by the cooling capabilities of the space-
craft systems,

This report presents the results of a study in three phases on the feasi-
bility of using freeze-out for contaminant control. Phase I was analytical
and included: (1) an investigation of possible contaminants and their con=
trollability by freeze-out, (2) a study of spacecraft cooling sources using
the NASA MORL concept for a model, (3) the study of mechanization of the
freeze-out concept, and (4) formulation of test objectives for the following
experimental phase of the program. Further definition of feasibility was
determined through actual contaminant freeze-out testing during Phase II of
this program. The results of the analytical and testing phases were used
during Phase III to recommend potential research areas involving contaminant
control and contaminant detection.




PROGRAM CRITERIA AND GROUND RULES

The guidelines for the analysis and evaluation of freeze-out techniques
for contaminant control are defined by the models presented in this section.
The Mission Model is shown in Table I, the Crew Model is shown in Table II,
and the Spacecraft Model is described in the following subparagraphs. The
Crew Model reflects design criteria for the spacecraft and its life support
system. The models are based on the manned orbital research laboratory (MORL)

concept of NASA (ref. 1).

TABLE I.- MISSION MODEL

MORL
Missions

l. Primary Earth Orbit
Missions

2. Alternate Missions

a. High Inclination
Earth Orbit

b. Synchronous
Earth Orbit

¢c. Lunar Orbit

d. Interplanetary
Flight

Altitude,
n.mi,

200

200

20,000

100

Inclination
to Equator,
degrees

28

53 - 90

0 -90

0 -90

Vehicle
Orientation

End-to-sun

Belly down

Belly down

Belly down

Sun oriented



TABLE II.- CREW MODEL

Crew Slze

Nominal for MORL vehicle
Temporary overload capability

Crew Metabolic Quantities
Oxygen Consumption
Carbon Dioxide Production
Water Consumption
Urine Production
Including solids
Without solids
Respiration and Perspiration
Feces Output
Including solids
Without solids
Metabolic Water Production
Wash Water
Heat Output
Nominal

Design (shirtsleeve)
Design (space suit)

Six men
Nine men

1.92 1b/man-day
2.32 1b/man-day
6.17 1b/man-day
4.07 1b/man-day
3.92 1b/man-day
2.78 1b/man-day
0.34 1b/man-day
0.26 1b/man-day
0.79 1b/man-day
3.00 1b/man-day
10,850 Btu/man-day

500 Btu/man-hour
1,000 Btu/man-hour




Hangar/Test Area

External "
Shell Pressure l
- 93 Shell
= \\*\ BEREN - 260 Dis.
109.6 R ™~
129.7 R
"N Iaboratory

e — 119—-»-0—120—’-*

P 172 — - 312

Dimensions in inches

Figure l.- MORL Configuration

Spacecraft Model

The spacecraft model shall be as defined in the following subparagraphs.

Physical Configuration.-

Shape and Dimensions As shown in Figure 1.

External Shell Construction One (1) inch thick corrugated sandwich
of 0.020 sheet aluminum (7075-T6 alloy).

Wall Insulation Twenty (20) sheets of aluminized Mylar

(ref. 1, Vol. XII, pp 65 between external shell and pressure

and 109 shell, total thickness of 0.125 inches,

Pressure Shell 0.08 inch thick aluminum (201L4-T6 alloy).



Atmosphere in laboratory and Hangar/Test Areas.-

Constituents 50% No, 50% O, by volume,
Pressure 7.0 + 0.3 psia,

COp Partiasl Pressure 4 mm Hg nominal, 8 mm Hg maximum.
Humidity 50% (35°F to 65°F dew point).
Temperature 75 + 59F

Atmospheric Quantities.-

Laboratory 7850 cu ft pressurized volume.
Hengar/Test Area 2150 cu ft pressurized volume.
Air Lock Volume T0 cu ft

Envirommental Control Systems.- The MORL vehicle would have the following
Iife support components (ref. 1, Vol. XIV).

l. Charcoal filter to remove odors and some trace contaminants,
2. Debris trap and filter to remove particles,

3. Chemisorbent bed and catalytic burner loop to remove other trace
contaminants.

k, Silica gel and molecular sieve beds to remove and control the COp
produced by the crew,

5 Ultraviolet light to kill bacteria.
6. Mass spectrometer and gas chromatograph for contamination detection.

The laboratory and the hangar/test area compartments each have an independent
environmental control system as described above.

Atmospheric Stores on Board.- The on-board tankage is defined as follows
(ref. 1, Vol. XIV, p 23).

Minimum Tank
Tank No. Diameter Consumables at Total Capacity Pressure
Type Required (Inches) ILsunch (Days) When Full (Days) psia
102 p) 28.8 10 137.5 50
LN, 1 21.8 10 90 50




0, and Np are stored subcritically as cryogenic liquids.
Withdrawal rates for the primary mission are:

12.82 pounds/day

0o
1.24 pounds/day

No

nn

Vehicle Thermel Radiators - Primary Mission.-

1. Heat Rejection Radiator. Under a 10-foot long portion of the cir-
cumference of the external shell (ref. 1, Vol. XIV).

2. Freeze-out Radiator
Orientation: A panel parallel to the axis of the vehicle has been
assumed to be available. The length and width is to
be determined. ‘
Infrared Emissivity: 0.9
Solar Absorptivity: 0.2

Vehicle Atmospheric Leakage.-

Laboratory compartment
Hangar/test compartment

1.0 1b/day
1.0 1b/day

Solar Cell Power Penalties.-

DC - 0.9 1b/watt plus 0.1 1b/vatt-months
AC - 1.4 1b/watt plus 0,14 1b/watt-months

POSSIBLE GASEOUS CONTAMINANTS

Any substance in a closed enviromment may become toxic when its concen-
tration exceeds a certain limit., The identification of the substances and the
establishment of preliminary toxic limits were objects of the study conducted
in Phase I. Trace contaminants found in various closed, manned enviromments
have been listed by several researchers, These enviromments include sub-
ma.rines6§ref. 2), Mercury spacecraft (ref. 3), and space simulators (ref. L,
5, and 6).

Numerous discussions of these lists have appeared in recent literature.
Bolles (ref. T) discussed contaminant control for flights of one-year dura-
tions. Those contaminants expected to be produced in the MORL vehicle have
been listed (ref. 1); and Spangler (ref, 8) and Huber (ref. 9) summarized
the general contaminant problem,



All contaminants reported in the above references to have existed in
manned enviroments were tabulated (see Table III) for study in this contract.
A total of 122 contaminents were identified. Of these, ten were identified
in all three types of enviromments and 19 others were in two of the three types
of environments. Assuming these 122 contaminants to be representative of those
that exist in a vehicle such as the MORL, effort was directed toward determin-
ing the physical characteristics necessary to evaluate freeze-out removal fea-
sibility and select severasl compounds for use in the Phase II testing.

Physical Properties
The properties investigated were:
1. Molecular weight.
2, Freezing point.
3. Boiling point,
4, Adsorption rating by charcoal.
5. Vapor-pressure versus temperature relationship.
6. Space maximum acceptable concentration (SMAC).

The first four properties are published for over 100 of the contaminants
listed, However, one of the most important items, SMAC, is not found directly
anywhere in the literature. Several attempts to Jjustify extrapolations of
industrial date were found in the literature, but the general consensus was
that without further experimental data any extrapolation is arbitrary. For
the purposes of this study, the reasoning of Bolles was utilized and pub-
lished industrial threshold limit values (TLV) were reduced by a factor of
ten, These limit values were found for Th4 of the contaminants studied
(ref. 10, 11), and were tabulated. in parts-per-million (ppm) by volume at
sea-level pressure, Therefore, the resulting SMAC values are in ppm by volume
and were assumed to apply at one atmosphere. The SMAC values can be expressed
in terms of the partial pressure (pp) as follows:

pp = (SMAC in ppm) x %gg mn Hg

For example, a compound with a listed TLV of 100 ppm (such as ammonia)
would be assumed to have a SMAC of 10 ppm and an equivalent partial pressure
of:

760
(pp)NH3 = 10 x 7,6 = 0.0076 mm Hg.

Such partial pressures were computed for T4 of the contaminants, and were
used to determine the temperatures required for freeze-out. It should be
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TABLE IITI.- CONTAMINANTS FOUND IN SPACE CABINS

Explanation of Table

Compound number.

Compound name (generally as approved 5y the International Union
of Chemistry).

Some synonyms as found in the literature,
Formula.
Molecular weight.

Freezing point, absolute Fazhrenheit scale, °r (considered to
be synonymous with melting point). This data is based on tem-
peratures taken from the Handbook of Chemistry and Physics,
1965, ref. 1h, unless noted with an asterisk (*). The values
denoted with an asterisk (¥*) were taken from Lange's Handbook
of Chemistry, 1961, ref. 15, All data is for approximately
one atmosphere unless noted otherwise in parentheses.

Boiling point, OR, as ovtained from the Handoook of Chemistry
and Physics, 1965, ref. 14, unless noted, The data is for
about one atmosphere unless noted in mm Hg.

Space maximum acceptable concentration (SMAC) of compound in
parts per million (volume at one atmosphere). Values listed
are one-tenth of industrial "Threshold Limit Values" (TLV),
(ref. 10), or one-tenth of industrial MAC's (ref. 11).

Temperature at which the vavor pressure of the contaminant
in the solid or liguid state equals the SMAC partial pressure
(obtained from vaepor -vressure-temperature curves).

Partial pressure, mm Hg, corresponding to the SMAC ppm
(assuming a total pressure of 14.7 psia).

Charcoal Rating:

Charcoal adsorption capacity low
Not highly adsorbed by charcoal
Satisfactorily adsorbed by charcoal
Charcoal adsorption cavacity high

£ o
wouowou



Column

10

12 Source: Reference in which contaminant was listed as being
present or suspected in a space cabin:

=
]

Contaminants found in Mercury flights (ref. 3).
S = Contaminants found in submarincs (ref. 2).
T.C. = Contaminants found in test chambers:
1, McKee, H. C. (ref. 16).
2. Saunders, R. A. (ref. 6).
D = Contaminants listed as being ''representative of the
contaminants that will be found in the MORL" (ref. 1
Vol. XIV).
0 = Contaminants referred to in other generalized lists:
5. Bolles, T. V. (ref. T).

6. '"Recommended MAC" (ref. 1, Vol. XIV, Table 6-26).

T. Specified by NASA Technical Contract Monitor, '
F. W. Booth, as found in manned simulator (ref. L).




9's

9°g
9°g

9°¢

9's
9%

9'¢
9'¢

9's
9'¢
9'g

”

[ "Moo

»

» -

>

T 1
X 1
X €
g X X T
e 4
19
"
b
X
X
X Ll
1 X "
X n
b Ll
e X 2
3 S G ¢ n
f
"
T X 2
X n
£
2T X X 1
gt X X €
2 1
2t X e
0L s M ONTIVY
2o4Nnos TYOOHYHD
1) (1)

91000°0

091000
25T00°0

000BE*0

08£00°0

02$10°0

09100°0

06100°0
09L00°0

02570°0
09.00°0
25T000°0
BE0000°0

9£0000°0
009L0°0
9.000°0
02410°0
*d'd

QVNWS
(o1)

62t

ToN

e
fen

no1
ont
9¢E
4274

* WL

OVHS
(6)

o1

se
o1

[

Wdd
VWS
(a)

059 16y
it HET
€Le 062
ex(s) (mw 2°5)
16f 06t
98l ogh
g29 L1¢3
009
tén 20€
96N ene
g 85T
£99 92t
[1%°] SEE
*TL9 #5682
£ol (4149
6% £ne
9£9 205
[£9) [+199
(o L6L)
Fleu?A
2En 25¢
199 03¢
L8 199
we(8)  (ww 16g)
Rt a0n¢
€64 o2t
0L aes
(1159 892
4, *ud o M
ONIT108 ONIITEN
(L) ()

€91

10°q2

£1°9L

10N
or'gg
ot-el
gL gll
01°9¢
o1°9%
01°9¢
£1°98
el
2renl
408 7
-4 44°14
TI'6L
S1°88

ST'0ET
£0° LT
30° RS
90°9%
w0792
H0°9%
50009
G0
*IM TR

()

10002 H2CHoE HD
0Ho%(2Ho) o
Ho%HoZHooButo
By

UM
ZhonoHotio
2( €10 )Ho00t D

SHCa00tHD

£ €

HOHOHS“HO*HD
HoHoPHolHotus
€40%( 20 )10

e

HO"(%H2 ) o

< (%2 o000t D
“HN
HOCHOHICHS
OHOHOZHD
2p2;
0ot Ho
HOOOtHD
oHotHo
VIMMOS TYMANAL

()

UBYIIWOLOTYORIZIY

sp1JINSIq UOQIED

apjapiyue oyuCqQIED
ojouwing
Teuwang

Toueyya-Lxoyng~2

uarfyyatiyrawyp
uaTAYIeTAYI2

auoqay TAyrauw r(Adoadosy
suoley TANS TAyrew
ToyooTw TAIng ~ des
{u) TouosT® TAINg
ausyyeuTAYIeTAY am
ToZURq

Touwzuad-T

To-t~uadoad-z

Tesadoad

aulyra
auo3ay TAYIawTp

p1ow oyouwyla

u1TANs = (S) e
HECNUESTEE 1 RRE TUT; G

QTHOBIYS T UOLIVL >
IpINOUOW UOGIRD we

IpTITNEIP UOQLE £

IpIXOIP UOQIWD ce
p1ow otaling 1e
apAyapreaiing oe
arTosOTT@d TAINng 61
2-aueyng-sueay 8T
2-auayng-s1d LT
auanq-T 9T

TAyjeu-¢ ‘aucuwqnq-g ST
2-auouung nT

2-Touwing 3¢

T-Touwing 2T

(u) auwanq 1T

uIZUIQ ot

ToyooTe TAww 6

23er@0w TAue
wjuowEe

ToyoaTw TATTIY

W\~ O

UTSTOIOW

auarhiraow [
FUGLER] £

p1o8 2117308 <

TouRy32 aphAyepreiade T
SWANONXS TWVN *oN
) SINANLILSNOD WaLl
() (@) (1)

panuiquol - SNIGVD 30vdl NI ANAOJ SINVNIWVINGO -°11I JTHVL




9s
9
9%s

96
9‘s
9‘s

W

n

N

<t

€

]
ONIIVY

00910°0
0%0£0°0

09L00°0

g£0000°0

02510°0
02510°0

02510°0

09L000°0
ONOE0*0

9£000°0

008€0°0

LS000°0

910000°0

*d*d

TTYOOHVHD OVWS

(tt)

(o1)

06¢
443

gee

n6€
68
n6€

96€
119

e

652
439

00T

on

01

so0°o

0c

oc

0T

on

0%

[99)

Rdd
STHS

(=)

££9
€9

L9
(ma 2gL)
509
Geg

Il
Lol
8¢
™i
enl
1575

slg
2gl
8€9

(mm 61)
il

069
9LS
L9
0€L
90L
ocy
69
4o “Id

ONITIOE
(L)

panutiuod - SNIEVD JFOVdT NI QNNOd SINYNIWYINOD -°III T4Vl

82
e
T

*THE

TEE
2ty
»TE
9T$

Ly

TL9
LES
©0S

noz
TTq
ety
Lo€

126

4y “ld
ONITTINW
()

ne"9et
L0°9n
88
80719
T1'88

0T°09

22 net

[Ar2ud
eeelt
L1798
91°90T
91901
91°90T
H6° N6
2eteet
91°00T

9T"4g

no*en
9T°gET
75°gL
5429
262t
526
06 0L
QAT 4
“14 TOW

(<)

SN e
HOSHDHD
42000 H0
HOCHISHOCHN

“Ho%Ho0 Ho%Ho0

2(£HD )NCHN
e
2(EHn)0THY
2(€0)9Ty9%
a0t (t1o)
(&m0 )%
2(Eho )%
2(EH0)"H9
100010
7Tg0Tlg
HoTu%
2lyY,

Rl

o%ilo

10%Ho%Hf o

TOHOCHD

105195

1920005k

1w

10009 (%12 ) EHo

VIO TVHENID

()

Tousyla

13359 TAY3a ‘pioe 011398

autwaToURY1d

aueXo1p-# ‘T

HAR

auexayoau
JuaThx-d
QuUaTAx-w

auafkx-o

9pTIpAY UOIOq
uiTexay

3uazuaqoipAyexay

ITTJI7 TUOWeq.L8D

£xoyzau-~-£xoapky-y ‘suantos

apraoTyo TAdoad
ap J0Tud TAUTA

apraorys TAusud

ploR 1ouBydO

THEANOMX T

auexayoTLoTAYL 3
£-TAyzaum-T-susly

Ioyosrs TAY1ad
3183208 TAY39d
outum-2 ‘TouBysad

ausxoip-d

Qut zeIpAyTAqIaWIp-T T

auazuaqTAYIa-§
TAyamp-€ ‘T

auBxayoTIAoTAYaWTp
~2*1-suw1y

suexayoTc Ao Ay auyp-T°T
sueingTAyIauIp-2 ‘2
JuazuIcTAY Wy p-y ‘T
auazuaqTAyrawyp-£ ‘1
auazUIGTAYIUTP-2 ‘T
3uaT£23%80I0TYD1P
3uBI0QeRIIP

TouBxayoTa£s

auexayoTo4Ao

aprureueLd
1osaId
asuegdoadotoTys-
3UIYIB0I0TYHD
QUIZUITOIOTYD
FITTITHADIOTYD
BUTIOTYD

o108 o174adwe

LANLITINOD

()

1 Goliddd oy “auin

G
e
M
PAll

o

s

m

£
an
n
on
6
3
LE

-~




*gE Jo IyBras JUTnodTom ® Uija 24 99 autzonTy s381T (ST +jox) afuwv *usAT? 00°6T JO 34BTaa JeToATowWw ¥ puB JUTIONTJ JIpUb i I2uIIJAY uy pRIsIT J wew
,T @oudxagay ‘aBuuT «

9 X X 2 gE000°0 AT §°0 6L sge 99°9€ TOH pyow PTJOTYI0IPAY apyroTyo uadorpfy Sl
§ X 700000°0  #OT §00°0 €68 2ge £6°LL syEy autsIe apjuaste uagoIphy nl
9°s X §00000°0 10°0 9% €EE LI n2T agtH JUIQTIe apjuowTaue udBoIpiy €L
9'¢ X X T Tdx3 LE 92 910°2 ey uaBoaphy 2L
9°s 940000°0 1°0 969 L co°2t ZHNSHN auyzeIpky 1L
X b3 *909 *Ne 91°18 €30-£( 210 JH0%HO QuaTAYIOTAING suaxey-1  OL
X € geo*o  nEE [+l 19 T2¢ g1°98 £Ron(21)ERD auexay-u auwxay 69
UWXOTISTId
X X 60°99T £(o18)9( 3')) -oToAo AU SWEXIY ®
X uosyod @B a9n Lo'e9 HOCHOHOHD TO0ATE ausTAUYS 100418 L9
auwyaolonTIualdl
X X 3 £6°0LT Eglrod -2%2'2 T-040TURTP~T'T wfeun nTT-UORLS 99
‘ 0:6:.«00.—0:.7«?"000

9°s X T X X € 009L0°0 1€ 00T 66 €2¢ 26°0lt 10t -2z T‘1-020TWTP-2'T nTT-uodIy <9
X 1 X 3 o2 qee g7°98 CIIOHD ausy}dWOIONTJIPOIOTUD 22-uo0alj 19
X 00910°0  Lge 001 805 6ne 26°201 4TO0H 2u¥Y1IWOIONTJOIOTUD TR T2-uoddy £9
9's X tr x X £ 1£500°0 612 L onh €12 16°021T C42T00 2uBY3IWOIONTFTPOIOTUITP gr-uosyy &9
X 21 X € 009l0'0 662 00T  #lES g LET 4100 Suwy3 PmOIONT JOIOTUI 113 {r-uosxs 19
9‘¢ X 2 X 2 ge000*0 S0 2} nén 92¢ £0°0t OHOH Tewwyjeuw spAyepremioy 09
96 go0000°0  moT  T0°0 nsT 16  ##x00761 wemd aujzonty 65
1 € 0geoo 0 552 S 914 262 R 200D suwyjakxoda-z‘1 apixo uITAWI® B
4 X X ] ogfoo*o  gIt S €49 621 96° g6 TO2H)-TO%HD SuRyy0I0TYRTR-2 T Sp1I0TYRTP BUITAUID 15
9 09lo00*0  wSE 0T ToL 208 0t*09 2N (%Ho YN sujmeypauwy3a-2‘1 aupwerp ausTAUId 9%
9% X e X X T Tdxa S0E 381 50782 2yoluo auay3d auaTAul® 5%
X 76l OgE 0202t 1905HSo M0 suazuaqTAyIdw n-TAYIA-T ausntoy TAwa@-d  %§
X 0t JT*0b 52( K20 ) ap1ITNSTAYITP ep1JTNe TAUIS £
[4 X 7 26100°0 492 2 5% ke 129 HSOHS: ToTy3auey}d ueydesiaum TAY13 24
2 € 09L00°0 Lot 0t 065 Lnt 0l S#0000H 13489 TAY3@ ‘pIow dTWIO) ajemiod 1Au3a 1%

o a@ 21 8 W ONTIVY d*d ‘L wd Mo ‘Id Mo CId  I# TOW  VINWMOL TVEENAD SWANONXS TNV ‘ol

NS IVOONVHD  OVWS  OVWS  OVWS  DNITIOA ONYITAN SLIEALILSN0O WALI
(z0) 449 (ot) (6) (8 (L) (9) ) (n) (£) (2) (1)

partiuor - CHIRYD d0YAD NI INNOA GINYNIWVLNOD - 111 TIEYL




9°s
9°s
9°¢

9
9
9°‘s
9'g

a

T 7 Q00000°C  mOT
X 12000°0 1L
X 2 9£000°0  60E
T
T X Y 00g€0°0  2TE
X
X n 00gE0*0  6£€
L 06100°0  25&
N 0gE00°0 952
T X X € 025100 24t
X T
X 026T0°0 02y
§£0000°0
X 7 onoto*o  ygt
2T €
T
2
7 0geoo* o

€ 257000 g8t

1000000 AOT

910000°0  09€

X e £2000°0  LT2
'L S KW OMLIVE *d'd ‘IRl
DEN0S TYQOUVHD  OVHS  OVMS
(e1) (1) (o1} (€)

T0°
i

0

<

[5¢7)

Tdx?

0%

0%
52

T00°0

$00°

of

[+]

]
. .
E o o

Q

2
~— Ul

—

LES

655

795
529
L1l
£09

T0C

NETT
T6E

1399

(omr LG1)
2509

panuiaung

£en
439
oLz
9TE

£9T
L6¢

aen

TeE

#LE
#0962
»6E2
965
3te

Tse

¥ I
NITTIN

(9)

SNIEYT

o"E-
00
20T n
T0°9n
10°0¢
£T°29
n6°ng
gleae
eNTEET
60°9L
ot g
no*et
70°91
6T°02T
19°002
no'eh
60°09
21°g9
ot*el
2T 4l
01°9¢
ST-LTT
30°4¢
00° 1€
20°nE

T0°0¢

()

OoN

“aﬁmxov
<1o%Ho
M:UIU(,A BT )
oot
KOSHOCHOO HE

HO
CH90E(£)
3H

00%m

EHOHOHOEHO

Zho( £1o YoroHo

OHDHD&( =HZ)
HOCHOHOS (LHD )
Z(%H0)0%uz

HoHORNTH0

‘LM TOW  VTIOWAOS THEEANHC

R
[

Urdl NI QNOd SINYNINTLNDS ="III FI9YL

ap;.apiy uoxoq

(-oaan)

ausyj a0yl TAYIaW

aUBLIIWOIOTYI TP

aumxay

AUBYTB0IOTULTIA-T T T

Toumyla Axoyjame-g
usrdeotau TAYaw
Toyoats TAysam

s83 ysaaw

QuazuIQTAYIIUTII-S‘C ‘T

auouoyyd

Tousdoad-g

Teusdoadriysam-g
touedoud-T-TAy3am-2

auadoadrAyjau-¢

u.no.n.uhnmA q)ozuaq

aujydsoyd

;.8 djIourjoaphy

5]

1 douaIIFay ‘aBuvly

ITeIoqBiUAd

auozo

IPIXO SNOIFTU
IpIx01p uIBoxatu
3pIX0 2]I31U
apiJIns TAY3am
APTJIOTYD JuaTiyiaw
ausiuad-TAyjau-¢
LI0JOIOTUITAYIam
LOATOSOTTO, TAYIaw
ToTyraUeyam
Touwy3auw

usylawm
JuaThy199w
Amozem

NI

ToyooTe TAdoadosy

uaxdost

apAuapTerhinqosy
ToyooT® TAINQOsT
auathAyngosy

@1opul

IprJIns usfoapdy
apiydsoyd uadoapiy
aprxolad uaBoxply
apiLonTy ualoapiy

AR

SLNANLILSHOC

(2)

98
58

"8

1k




9'g
9‘g
9°¢

Lo SR B T S

‘0l

(z1)

Lo T B

»

< ™M N X N ™ a2

£
OHIIVY

09400°0  §2E
026100 89¢
09.00°0  T9E
geooo*o L2
0gE00°0 91§
026700 92
on0E0*0 204
910000°0 912
gE000°0  9TY
09L00°0  /6E
025100 96E
009L0°C  4T¢
*d*d  “dWEL

TVOOHVHD IVINS OVWS

(tr)

(ot) (&)

[+149 ele
ot 6n9 L1339
[4 69 1€

(444 (4%
ot otL esn

(4] nin 95¢
S 656 €99
o2 L6L £gt

#5619 #T2t

9l 44}

0gs gne

90n g5t
on 199 €92

Tdxe 2Ty 0ST

1°0 90$ oge
5°0 618 69¢
ot 2oL 6£€
o2 9.9 2s¢

ans "o2
00T pX44 gse
Wd Ho ‘Id do *Id

OWNS  ONTTIOE ONILTEN
(s) (=) (2

panu quod - GNIEYVC BOVAS NI GRNOd SINYNIWVINGT - 113 9TEY)

$6°96 ro0%us
n2-9et E(Eo)bu92
oy TET S1ooToMD
£1°26 EhaSH9a
20°00T Sanldc
$§° 59t 21502100
1019 Cos
LT°TET N6uED
61°02T 0t (o)
90° 201 tytooootno
g0l HOOOZHOEHD
90°gS OHoeHOEHD
go"2n EHOHOEHD
60°09 HOCHOZHD EHD
60*y y2Hotuo
26°96 <1000
TI'n6 HOSHIS
9T*00T  &(:Ho)-Hoduonctie
£1°98 ~H€(CHD )On FhD
sreel s ( e )
4457 SHE(OHD ) e
SIM TOR IR d TYVENED
(s) (0

3URY19-0JOTUITP-T ‘T

auazuaq TAyjauw
auarfuyrasoxontiad

auatAyz@osotyored

sTopuTTAYIIU-£
suazuaq-TAUIRITI3~1'2 ‘T

pr1oe oyouedoxd
Teuwdoxd

suaTLdoad

ToyooTw TAdoad-u
suwyswriyiawyp
IpTIOTYS TAUOQIWD
pyow 91TOqIwD

ausiay TAYjaW TAInqosy

aunqay (Adoxd TAyjam

1 P0UIIRFAY ‘W]

IPTIOTUD JUIPTTAUTA

auwxayoTa£aTAyIRET €71

PUATAYFROIOTYIT I}
suanTol
QURTAYIF0I0NT BRI
2uaTAYIIOIOTUORIFSY
PIXCTP INJINS
ITOINNS
suammoopnasd
24wu3009 TAdoad-u
ptow oyuotdoad
aplyepreuordoad
susdoxd

Touedoad-T

suwdoad

ausfsoyd

Touayd

TAyzam-4 ‘suouwiuad-2

auouwquad~z

auwing TAYISW-2 suwiued-oe
susjusd-u auwquad
SHANONZS AWYN
. SLNENLILSNGO
(=) (2)

(443
et
(419
61T
BIT
PAas
91T
STT
L1
ETT
eTt
T
oTt
60T
g0t
Lot
90T
40T
"ot
[Xe) 4
201

"ol

WL
(1)

15



noted that the allowable contaminant partial pressure was considered to be
independent of total pressure and, therefore, the SMAC (in ppm by volume)
at a cabin pressure of 7 psia would be approximately twice that for a pres-
sure of one atmosphere. This is in agreement with the reasoning of
Stokinger (ref. 12).

In addition to the partial pressures, the determination of these tempera-
tures requires knowledge of the freezing points of the compounds as well as
the vapor pressure-temperature characteristics of the solids. Unfortunately,
vapor pressure data are not commonly published in the low pressure and tem-
perature region under consideration here. It was necessary, therefore, to
extrapolate vapor-pressure versus temperature data utilizing the Cox method
(ref. 13). This method consists of laying off on the ordinate of a pair of
ordinary coordinate axes, a scale of logarithms of pressure. A straight line
is then drawn near the center of the sheet sloping upward to the right at an
arbitrary angle of about 45°. This line is chosen to be the vapor-pressure
curve of a reference substance, generally water. Using the actual vapor-
pressure data for water, a scale of temperatures is then plotted along the
abscissa to conform to the arbitrarily chosen vapor-pressure line., When the
vapor pressure of any substance is plotted on this system of coordinates, it
is found to yield approximately a straight line. Only two points are needed
to plot the vapor-pressure data for any substance, and the lines can be ex-
trapolated to lower and higher pressure values. These lines are plotted in
Figures 2 to 8 for all of the contaminants studied.

For the very low temperatures, COp rather than water was used as a ref-
erence substance, and provided the data for a scale of temperatures down to
166°R. By properly placing the reference lines, two abscissa scales were
found to approximate the temperature readings over the range of interest,
Temperatures can be read directly on the lower scale taking care to account
for the variable increment intervals or more precisely by using the upper
scale which is linear in l0,000/T. Vapor-pressure versus temperature data
for pressures below one atmosphere were found in the Handbook of Chemistry
and Physics (ref. 14) for most of the listed conteminants. These data were
used to establish the points from which the extrapolations were made.

The freezing points and the SMAC partial pressures are indicated on the
vapor pressure versus temperature plots of Figures 2 to 8. The SMAC tempera-
ture for each contaminant is defined herein as that temperature at which the
contaminants' liquid or solid vapor pressure is equal to the SMAC partial
pressure. In most cases it determines the temperature required in the
freeze-out device,

Obviously, the temperature of each compound must be lowered below 1ts
freezing point to "freeze-out" that compound. However, in the majority of
the cases the temperature corresponding to the freezing point is higher than
the SMAC temperature., The lower of the two temperatures is referred to here
as the "controlling temperature”. The temperature of the cabin air in the
freeze-out device must be lowered to something less than this controlling
temperature to provide removal and insure that the cabin concentration does
not exceed the SMAC partisl pressure. In an equilibrium removal process,

16
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the controlling temperature would be sufficient for removal but in the actual
process equipment, temperatures slightly lower will be necessary. Further
discussion of these temperatures is contained in the next section.

Up to this polnt it has been implied that a contaminant must be in the
solid state to be removed., Some thought was given to removing contaminants
in the liquid state; however, the complicated liquid separation devices
required in the external radiators were considered impractical. An additional
factor was that only 22 of 66 compounds studied (those for which SMAC, freez-
ing point and vapor-pressure-temperature relationships were known) had SMAC
temperatures higher than the freezing points. Of these, only 15 were more
than 20 degrees higher and only five were more than 60 degrees higher. Hence,
the low temperature requirements for contaminant control are not significently
affected by going to liquid rather than solid removal.

The pertinent physical data compiled for 122 contaminants is presented
in tabular form in Table III. Sequential listings of the freezing points and
SMAC temperatures are shown in Tebles IV and V, respectively. The resulting
Ycontrolling temperatures” are shown in Table VI. It mey be noted that of
the compounds for which controlling temperatures are available, 85% are ideally
removed if 200°R is reached in the freeze-out device. This was considered a
practical lower limit due to the dew point of 0o at 143°R and was used as a
design goal for the freeze-out system. Cross tabulations of the contaminants
according to molecular weight and boiling point are shown in Tables VII and
VIII.

Freezer Flow Rate and Temperature Requirements

Basic Equation.- Information on the rate of contaminant introduction to the
cabin is necessary to establish practical cabin air processing rates for the
freeze-out removael device., Conversely, if the processing rate is set, it
establishes the meximum contamination rate which can be sccepted without
exceeding the cabin SMAC values. The basic relation which expresses the
steady-state mass flow rates is,

) o
mp=M  __ P __ m
M PPi - PPo
where,
M = molecular weight of the cabin atmosphere,
Me = molecular weight of the contaminant,
p = cabin pressure (362 mm Hg),
o
m. = mass flow rate of the contaminant into the cabin (1o/nr),
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low
low
low
low
low
low
171
188
189
205
216
217
219
237
238
oLh
246
255
256
259
264
265
281
285
287
290
299
307
309
312
31k
318

TABLE V.- SMAC TEMPERATURE OF CONTAMINANTS*

CONTAMINANT

acetylene

carbon monoxide
fluorine

hydrogen arsenide
hydrogen chloride
ozone

hydrogen phosphide
nitrous oxide
hydrogen sulfide
chlorine
formaldehyde
phosgene

hydrogen fluoride
freon-12

sulfur dioxide
carbon dioxide
ammonia

acrolein

ethylene oxide
methanethiol
chloroethene
carbon disulfide
ethyl mercaptan
freon-114
acetaldehyde
freon-21

carbon tetrachloride
freon-11l

ethyl formate
nitrogen dioxide
methylene chloride
pentane

ethylene dichloride

SMAC
TEMP, ITEM
SR NO.
325 120
325 6
329 1k
332 29
334 10
334 69
336 2
338 L6
339 93
3Lko 3
342 90
3k9 3k
352 48
352 92
35k 56
360 T
361 117
368 119
384 85
390 L9
394 38
394 39
394 Lo
396 10k
396 35
398 105
Lol 12
402 109
116 108
420 88
Lol 9
426 11k
428 32
516 115

CONTAMINANT

trichloroethylene
allyl alcohol
butanone-2
chlorobenzene
benzene

hexane

acetic acid
p-dioxane
methylchloroform
acetone

methanol

cyclohexane

ethyl acetate
methyl cellosolve
ethylene diamine
hydrogen peroxide
tetrachloroethylene
toluene

isopropyl alcohol
ethyl alcohol

1, 2-dimethylbenzene
1, 3-dimethylbenzene
1, k-dimethylbenzene
2-pentanone
cyclohexanol
2-pentanone, L-methyl
butanol-1
l-propanol

phenol

mesitylene

amyl alcohol
pseudocumene

cresol

skatole

¥ That temperature at which the vapor pressure of the contaminant is at the

SMAC value.

temperature plots,

The temperature values were taken from the pressure-

*% The SMAC temperature is lower than l66°R, thus can not be determined from
the vapor pressure-temperature plot.
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mass flow rate of cebin air through the removal device (1b/hr), .

530

partial pressure of the contaminant in the cabin (assumed equal
to the partial pressure of the contaminant into the removal
device), (mm Hg),

PPi

PP, = partial pressure of the contaminant leaving the removal device
(mm Hg).

The inlet partial pressure is proportional to the cabin SMAC and may be ob-
tained from Figures 2 through 8 or Table III. The partial pressure of the

contaminant leaving the freezer was taken to be equal to its vapor pressure
at the outlet temperature (Ts) of the freezer.

Contamination Rates.- In order to calculate approximate freezer process rates,
the avallable data on contamination rates were investigated. General contemi-
nation rates from equipment within manned spacecraft are difficult to establish
because of the variation in the materisls and subsystems contained therein.
Usable data on contamination rates from hardware sources was not found in the
literature surveyed, Data on contamination rates resulting from metsbolic
processes is available, however, and was used to estimate freezer process rate
requirements. The following parsgraphs consider the contamination rates of
several substances which are within the freeze-out controllable range of a
space radiator having an outlet temperature of 200°R.

Ammonia results from metabolic processes and the average daily formation
rates are indicated below (ref. 1, Vol. XIV).

Feces 84 mg/men-day
Urine 700 mg/man-day
Perspiration 60 mg/man-day
Saliva 38 mg/man-day
Total 882 mg/man-day

Most of the NH3 is contained in urine which would be processed and removed in
the water reclamation system. Similarly, the other excreta would be processed
and the ammonia would be trapped in LSS processing equipment., For estimating
purposes, it was assumed that lO% oﬁ the NH3 escaped into the cabin atmosphere.
This is é8.2 mg/man-day, or 2 x 10-% 1b/man-day. This value was used in rate
calculations presented in the next section.

Hydrogen sulfide is produced metabolically and excreted primarily as
flatus. Some HpS will be adsorbed in the charcoal although its capacity for
this gas is small, The average daily production (ref. 1) is 0.0042 ml/man-
day or 1.5 x 10-8 1b/man-day.
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Hydrogen sulfide, if exposed to a catalytic burnmer, will be converted to
SO0, according to:

2HS + 30, —w= 2 H0 + 250,

Taking the average daily production of flatus containing 0.0042 ml/man-day of
HpS, the maximum amount of SOp introduced into the cabin would also be 0,0042
ml/man-day. This is about 0.25 x 10-T 1b/man-day introduced into the cabin,

The metabolic production rate of acetone is also given in reference 1
as 4.4 x 10-6 pounds/man-day.

Freezer Process Rates.- Using the contamination rates Just presented, and the
vapor-pressure curves in Figures 2 through 8, the freezer process rate and
temperature requirements were calculated assuming equilibrium between vapor
and solid, and that all solids remain in the freezer. These results are pre-
sented in Table IX. The controlling temperature is the temperature at which
the contaminant at the SMAC will start to be removed in the freezer. To pro-
vide a practical degree of removal, an outlet vapor pressure below the SMAC
partial pressure was chosen such that the removal effectiveness (/] ) defined
by:

PPi - PPo
Pry

7 =

x 100,

was greater than 90%. The corresponding outlet temperature (T¢) is given in
the table., The removal effectiveness of the freezer, based on the above
assumption, increases rapidly as the outlet temperature of the freezer de-
creases. This indicates that once the controlling temperature is reached in
the freezer for a particular contaminant, it does little good to decrease the
temperature more than 20 to 30°F beyond this point. This is due to the slopes
of the vapor pressure versus temperature curves. The sssumptions that vapor-
501id equilibrium exist and that all solids remain in the freezer are ques-
tionable and were investigated during the testing phase of this feasibility
study.

Observing the flow rate requirements listed in Table IX it is evident
that NH3 is the controlling campound, and requires 0.75 lbv/hr per man. If
this air flow rate is used the other compounds can be removed much faster than
the contamination rates listed. This will in effect result in a lower cabin
concentration than the SMACs for these compounds.

As a preliminary design requirement for use in this study, an air process
flow of 1 1b/man-hr was assumed, or 6 lb/hr for the MORL vehicle.

MISSIONS AND EQUILIERIUM RADIATOR TEMPERATURES

The various MORL missions and their space enviromments were studied to
determine the capability of & space radiator to reach the low temperatures
required for contaminant freeze-out. To evaluate this capability, the space
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equilibrium radiator temperatures for the various missions were calculated.
These temperatures are the lowest possible temperatures which can be reached
by a specified passive radiating surface receiving no heat input from the
vehicle.

Space Equilibrium Temperature Determination
Space equilibrium temperature is defined herein as the temperature of the
passive radistor surface in heat transfer equilibrium with its space surround-
ings. At this temperature the heat absorbed from space equals the heat re-
rediated from the surface, or,

q radiated = q absorbed

L
o€ T = &gqg + oxggg + X tqg

where:

o = Stefan Boltzmemn constant, Btu/ft2-hr °R*

€. = Total thermal emissivity of the surface

Te = Space equilibrium temperature, °r

qg = Incident solar heating rate, Btu/hr £t2

X = Surface absorptivity for solar radiation

gg = Incident planetary albedo heating rate, Btu/hr-ft2
o = Total thermal absorptivity of the surface

qt = Incident planetary thermal heating rate, Btu/hr-ft2

The incident heating rates depend upon the position and orientation of
the radimtor surface with respect to the sun and earth. The proportionality
factor which expresses this effect of position on the radiation energy re-
ceived by the surface is denoted by F. Using this factor and the radiation
constants for the earth and sun, the planetary thermal heating rate is,

at = Ft A Bt

and the albedo heating rate is,

dg Fg AS a
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Fi{ = geometric factor for radiation from the earth to the radiator
surface, dimensionless

A = area of the radiator surface, £t2

&

total energy rate emitted from the earth per unit aiea, Btu/hr-ft2

S = solar heat flux or "constant", Btu/hr-ft2

Fg = geometric factor which accounts for reflected energy distribution
on the planetary surface and the geometry, dimensionless

a = average reflectivity of the earth's surface, dimensionless

The incident solar heating wes zero for the studies made since radiator
orientations which "looked" away from the sun were chosen, This orientation
was necessary to obtain low enough temperatures sultable for contaminant
freeze-out,

The values of the constants used to obtain the equilibrium radiator
temperatures were as follows:

o = 0.1713 x 108 Btu/ft-hr-°R

€, =0.9

= 0.9

&g = 0.2

Ey = 66.36 Btu/ft2-hr
S = kh2,h Btu/fte-hr
a= 0.k

To obtain the minimum radiator temperature, the ratio of °<5/éft should be as
small as possible. The &X g and € values listed above were estimated for a
coated radiator surface exposed to space for extended time periods, as would

be the case for missions where contaminant freeze-out would be practical,
Surface coatings giving approximately these values after 300 hours of simu-
lated solar~vacuum exposure include titanium and zinc oxide pigments in
silicate vehicles. Deterioration of these coatings due to longer term exposure
to the space environment has not been fully investigated.

The geometric factors used to compute equilibrium radiator temperatures
were obtained from Reference 17 as a function of radiator position and
orientation. The radiator was assumed to be flat and to "see" no other
spacecraft surfaces.,
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MORL Missions and Related Equilibrium Temperatures

Primary MORL Mission.- The primary MORL mission is earth orbital with an alti-
tude of 200 n.mi. and an initial orbit plane inclination to the eguatorial
plane of 28°, This corresponds to a Cape Kennedy west-east launch. To deter-
mine the equilibrium radiator temperatures, the orbit plane inclination to
the earth-sun line (rather than to the equator) must be established.

Depending upon the time of the launch and the time elapsed since the
launch, the primary mission orbit inclination to this line will vary between
0° and about 53° (specified for MORL, ref. 1, Vol. XV). As an example of
the variation, consider a summer launch from Cape Kennedy. If the launch
occurred at noon, the initial inclination of the orbit plane to the earth-sun
line would be about 5° (Figure 9, orbit 1). However, if the MORL were launched
at midnight the initial inclination would be about 51° (Figure 9, orbit 2).
Initial orbit inclinations will also vary with the season as illustrated by
the winter solar rays shown in the figure. A winter launch at noon would
result in the 51° inclination orbit.

In addition to the temporal effect of the initial orbit inclinations to
the earth-sun line, these inclinations will continue to vary with time due to
the rotation of the earth around the sun and also due to precession of the
orbit around the earth's axis., The precession occurs because the center of
mass of the earth is below the equator (the earth is slightly pear-shaped),
and one complete rotation of the orbit plane around the pole takes about 55
days.

The net result of the time and precession effects described above, is
that the primary MORL orbit's inclination to the earth-sun line will vary
between 0 and + 53° about once a month. The resulting variation in the per-
formance of a space radiator must be taken into account when evaluating its
freeze-out capability. The variation is reflected in the equilibrium surface
temperatures of the radiator which are shown in Table X, Items la, 1b, and
le.

These temperatures were computed for the coldest portion of the MORL
surface with the MORL continuously pointing toward the sun and not rolling
with respect to the sun. This is the orientation of the MORL for 55 to TO%
of the time during the primary mission. The coldest flat panel over the full
orbit is the panel that faces away from the earth-sun line at high noon
(Figure 10). 1In this position the panel receives no direct solar radiation,
and the least albedo and planetary radiation. In the earth's shadow at an
orbit anomaly of 180° this same panel, however, faces toward the earth (for
inclinations other than 0°) and receives substantial planetary radiation which
increases the equilibrium temperature., It should be noted that about once a
month, due to orbit precession, the MORL would have to be rolled 180° in order
to keep the radiator in the coldest position.

In addition to the long-term equilibrium temperature variations, 90-
minute orbit period fluctuations occur for the primery mission. These are
also indicated in Table X in terms of the orbit anomaly angle. These tem-
peratures are also plotted in Figure 11.
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During the primary MORL mission, the equilibrium temperatures are gener-
ally over 300°R and climb to about 400°R at times. These temperatures are
the minimum temperatures attainable and the actual radiator fluid tempera-
tures will be higher. Therefore, a freeze-out radiator for the primary mission
would provide removal of a very limited number of conteminants.

Alternate MORL Missions- Representative equilibrium radiator temperatures for
the alternate MORL missions were also computed and are included in Table X.

For the high inclination orbits (to the equator), the orbital inclina-
tions to the earth-sun line vary between 0° and 90 for the same reasons which
apply to the primary mission. The orientation of the vehicle is nose first,
belly down (towards the earth) for reasons of planetary observation. The
coldest flat segment of the MORL circumference was again used to obtain the
lowest possible temperatures for a freeze-out radiator. The theoretical tem-
vperatures vary between OCR for the 90° inclination to about 350°R for 0°
inclination. Therefore, for the high inclination missions, a space radiator
could be used for freeze-out part of the time. It would have limited cepa-
bility, however, considering the whole range of orbit positions and resulting
equilibrium temperatures.

For the synchronous earth orbit mission, the satellite is far enough
from the earth so that planetary radiation and albedo are very small. There-
fore, by choosing a surface segment looking away from the sun and intercepting
minimum radiation from earth, very low equilibrium temperatures are obtained.
The high noon temperature of 65°R given in Table X is the hottest position
of all the MORL synchronous orbits. Other orbital inclinations would result
in temperatures less then 65°R, subject to the stipulation that the nose
first, belly down orientation is maintained and the coldest surface segment
is used. Hence, a radiator freeze-out system would be feasible for this
mission from a temperature standpoint.

Equilibrium radiator tempereture calculations for lunar orbits are
treated similarly to those for earth orbits. These have been calculated and
are reported in ref. 18 which was used herein. The lunar orbit altitude
for MORL was specified at 100 n.mi., but the orbital inclination would depend
upon the particular mission. The primary MORL orientation in lunar orbit is
nose first, belly down. Taking the coldest segment for three inclinationms,
the temperatures are shown in Table X. For inclinations steeper than about
459 to the moon-sun line, temperatures of about 200°R are obtainable and
could be used for freeze-out. ILower inclination orbits could not be used.
It should be noted that lunar orbital inclinations will change with time
yielding both low and high equilibrium temperatures., Therefore, it does not
appear generally practical to use radiators for freeze-out in lunar orbit.

During interplanetary solar oriented flight, the freeze-out radiator
could be in position to look essentially at deep space. Hence, the equilib-
rium radiator temperature would be practically absolute zero and freeze-out
would be possible.
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SPACE RADIATOR CHARACTERISTICS

In order to generate performance characteristics of a radiator system
suitable for contaminant freeze-out, it is necessary first to consider a
practical hardware design concept. This design concept will provide the
basis for examining the various parameters involved in radiator performance
and thus enable a realistic evaluation of the feasibility of such a systenm,

Radiator Design Concept

Based upon the proposed contaminant removal function of the radiator,
reasonable initial approximations can be made for the required flow rate and
inlet and outlet temperatures.

From the study of contaminant freeze-out characteristics it is evident
that an outlet radiator temperature in the neighborhood of 200 R must be
achieved for the system to show definite promise. The number of contaminants
removed below this temperature is relatively small and a limit exists at
143°R which corresponds to the condensation point of & 50% O2-No mixture at
T psia.

Since radiator area can be reduced by lowering the inlet temperature: it
would appear desirable to utilize the cold exit gases in a regenerative hdat
exchanger to pre-chill the inlet gases., Assuming an outlet temperature of
200°R, a cebin temperature of 532CR and a heat exchanger only 50% effective,
an inlet temperature of approximately 360°R can Be obtained. As heat ex-
changers are commonly mede with an effectiveness in the neighborhood of 70%,
this 360CR may be considered as a conservative meximum inlet temperature.,

From the expected requirements for the rate of contaminant removal, &
sultable total flow through the radiator appears to be six pounds per hour
(one pound per man-hour).

Based on these considerations, an outlet temperature, maximum inlet tem-
perature and flow rate of 200°R, 360°R and 6.0 pounds per hour respectively
have been assumed for initial radiator design.

Radiator Insulation and Support.- Assuming a radiator surface emissivity of
0.9, the heat loss by the cold end of the radiator will be approximately

2.5 Btu/hr-tt2. This must include heat leaks into the radiator due to struc-
tural supports and the proximity of the space vehicle wall, as well as the

heat introduced by the gas flowing through the radiator. Consequently, in
order for the radiator to perform at all, the sum’of all heat leaks (parasitic
heat load) must be less than 2.5 Btu/hr-ft-; and to minimize radiation area

it should be a small fraction of this. For an internal cabin temperature of
532°R, giving a AT of 332°R, the over-all conductance to the radlator (cold
end) must, therefore, be less than 0,0075h Btu/hr-ftz-oF. To obtain this value
with conventional insulations which could provide structural support &as well
as thermal insulation, would require materiasl several inches to several feet
thick; and to obtain & desirable conductance of perhaps 20% of this value, ‘
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would require at least a foot of thickness. By making use of the vacuum of
space, however, and utilizing multiple layered insulation materials ("super-
insulations”) over-all conductance galues vhich will limit the parasitic heat
load to approximately 0.5 Btu/hr-ft< may be obtained with one inch of rela-
tively lightweight materisl and specially designed support structure. This
rermits effective use of approximately 80% of the heat dissipated at 200°R.

Two examples of the type of radiator and insulation design mounting to
achieve this performance are shown in Figure 12, One would sandwich the in-
sulation mat in compression between the cabin outer skin and the radiator.

The radiator would be held tightly against the insuletion by spring-loaded
straps along its periphery. The other would also sandwich the insulation be-
tween the cabin skin and the radiator, but in this case the insulation would
be unloaded and the radistor would be retained in position by springs attached
to truss-type brackets extending outboard from the cabin surface.

In both cases, a multiple layered insulastion of the "Linde" or "NRC"
type was considered. In the first case the parasitic heat load is conducted
primarily through the insulation as its conductivity is increased by the
compressive load. The spring-loaded straps for this application would be
relatively long and of small cross section since they would be in tension
only and would thus contribute very little to the heat locad. In the second
case, a strut of larger cross section would be required and consequently would
carry most of the parasitic heat load; the insulation mat, however, would be
unloaded resulting in a negligibly small conduction.

These examples are intended to illustrate basic design approaches from a
thermal performance standpoint. For an actual flight hardware installation
other factors such as air loads and heating during launch must be considered.
These may require the use of special fairings, shrouds or extendable panels.,

Fin-Tube Configuration.- Selection of a fin-tube design is dependent to a
considerable extent upon material properties and the practicality of fabrica-
tion. Aluminum is considered preferable because of its low density and high
thermal conductivity. At the fluild pressures considered, tube wall thickness
is unimportant except for structural and fabrication considerations. Also,
since radiation rates are very low, the requirements for conductance across
the fin becomes a secondary consideration and the fin thickness may be held
to a minimum necessary for structural requirements., Based on these mechanical
considerations, a tube wall thickness of 0.028 inch and a fin thickness of
0.010 inch have been selected. Thicknesses less than these would be expected
to create significant hardware problems, while greater thicknesses would
increase rasdiator weight without a commensurate improvement in performance.

Fin width (one-half the distance between tubes) may now be selected
based on 0.010 inch thick aluminum. The criterion for width selection is
fin effectiveness, which may be defined as the ratio of actual heat dissi-
pated to the heat which would be dissipated were the entire fin at root
temperature, where the root is the point of attachment of the fin to the
coolant tube. For a radiator of constant fin thickness and width, the fin
effectiveness may be expected to be lowest where temperatures are highest
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due to the increased conductance load corresponding to higher dissipation
rates. Consequently the hot end of the radiator may be selected for initial
fin width selection with the understanding that the over-all fin effective-
ness will always be greater., Based on 360°R as the maximum expected radiator
temperature, fin effectiveness was camputed for several fin widths and a
six-inch tube separation selected as it corresponded to an effectiveness of
slightly greater than 90%. Little improvement is realized by reducing the
width and s marked decresse in effectiveness occurs if the width is increased
appreciably.

Tube diameter and length primarily affect coolant flow rate and pressure
drop. For a given tube size it is to be expected that the pressure drop will
increase and/or flow rate decrease with time due to the restriction created
by the collection of deposited contaminants. This determines radiator cycle
time. It is felt that the mammer in which the contaminants will "freeze out”
and restrict the flow cannot be accurately developed analytically but will
need to be determined by experiment. Fortunately, radiator thermal perform-
ance is relatively insensitive to tube diameter if mass flow rate is constant.
Consequently a realistic performance analysis may be made using only very
approximate estimates of the contaminant freere-out effect, and tube sizes
may be adjusted at a later date to establish firm cycle times. For purposes
of the initial analysis a tube outside diameter of one-half inch was selected.
Tube length was treated as a variable since it must be sufficient to permit
cooling to the desired temperature.

Radiator Weight.- Preliminary estimates of radiator veight may be made based
upon the foregoing design concepts. For the case in vhich the insulation is

mechanically loaded (see Figure 12), the weight estimate is considerably
higher due to the rapid increase in density of multiple layer insulation when
subjected to mechanical loading. A veight summary in pounds per square foot
of radiator area is given below.

Insulation
Item loaded Unloaded
®in «130 .130
Tube .098 .098
Insulation .83k 067
Attachment Device .055 172
Total 1.117 LU6T

It should be noted that these weight estimates are the result of a very
preliminary study only, although an effort has been made to remain both con-
servative and realistic. For purposes of estimation of the freeze-out system
veights presented in later sections, a value of 0.5 lb/i‘t2 has been used.
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Radiator Performance

The performance of a radiator based on the preceding general design con-
cept has been analyzed with the use of a digital computer program. Required
input data for the program includes radiator geometry, thermal properties,
fluid flow rate and space equilibrium temperature. From these, the progream
computes the temperature and pressure profiles along the tube. The analysis
is of a steady-state nature in that flow rate and space equilibrium temper-
ature are held constant throughout a given run. This closely simulates
conditions which will exist in a low equilibrium temperature region vhere &
contaminant freeze-out radiator can be successfully used,

The radiator fluld used was the cabin atmosphere of 50% nitrogen and 50%
oxygen at a total pressure of 7 psia. Fluid properties were obtalned by
averaging the individual gas properties at the appropriate temperature and
pressure. For engineering purposes this 1s quite acceptable due to the very
close similarity between the gases. The density, thermal conductivity and
viscosity are shown in Figures 13, 1k, and 15 respectively. Specific heat
was found to be essentially constant at 0.233 Btu/1b-°R.

To examine the effects of a fairly wide range of parameters, equilibrium
temperature was varied between O and hSOoR, flow rate between 0.1 and 1.0
pounds per hour tube, and tube diemeters of 1/4 inch and 1/2 inch were used.
The results are illustrated in Figures 16 and 18,

Figure 16 illustrates the effect of flow rate variation with constant
equilibrium temperature, while Figures 17 and 18 show the effect of varying
equilibrium temperature profiles, which are equally applicable to a l/h inch
or 1/2 inch tube diameter. Included in Figure 16 are values of pressure drop
at specified tube lengths and flow rates for l/h-indh tubes. These illustrate
the approximate relationship between flow rate, tube length and pressure drop
which is of value for sizing a radiator to meet pressure drop and/or flow
rate requirements,

The temperature profiles may be used to size a radiator, given the re-
quired conditions of flow rate, inlet and outlet temperatures, and space
equilibrium temperature. To simplify the sizing process parsmetric curves
mey be prepared in which radiator area per unit flow rate is plotted as a
function of outlet temperature, for a given equilibrium temperature, with
inlet temperature as a parameter. Two such curves are illustrated in
Figures 19 and 20 for equilibrium temperatures of 100°R and 213°R. These
equilibrium temperatures span the range of interest for an effective con-
taminant freeze-out radiator. There is negligible change in performance as
the temperature drops below 100°R, (as can be seen from Figures 17 and 18)
and therefore the corresponding curves can be used over the range of 0-100°R.

The radiator pressure drop was investigated to see if it was a significant
factor in selecting a configuration. Assuming parallel tubes, total radiator
pressure drop is equal to the pressure drop per tube ( A P) which is approxi-
mately equal to a proportionality constant (K) times volumetric flow rate (Q)
and tube length (L).
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AP~KQL (1)

This can be deduced fraom the usual expression for pressure drop in a unifarm
tube with lsminar flow,

Qv

k
AP='2'—8—D L whe:t‘ef—R—e

= density
V = velocity
g = gravitational constant
D = tube diameter

Re = /AEV D = Reynolds number

/M = viscosity
k = constant

f = friction factor

. _ev x
Thus: AP—-2gD VD e L

k
VS S

2gbDb
Lq
and since: V = —7'7?

_2/Uk

P=""177
4 grD

e QL (2)
As the average temperature for fluid properties is approximately the same for

various tubes with equivalent inlet and ocutlet temperatures:

AP~KQL
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Although tube diemeter had negliglble effect on the temperature profile, it .
influences the pressure drop as shown in Equation (2) such that for a
constant flow rate,

AP~k ?ﬁﬂ (3)

vhere K' is a new proportionality constant.

Having selected a radiator area from heat rejection considerations, the
pressure drop then becomes dependent upon tube diemeter and number. As the
number of tubes increases, both tube length and flow per tube decrease pro-
portionally. Consequently, the pressure drop, which was shown in Equation (2)
to be proportional to tube length and flow rate will vary inversely as the
square of the mmber of tubes, From Equation (1),

AP~KQL
But, Q = Qp/N

and L= A/1N,

vhere : Qp = total volumetric flow
A = radlator area
1 = width per tube-fin unit (6 inches for chosen configuration)
N = number of tubes

hence:

AP = Kgp A/1 I = K/

where K" being a proportionality constant. Based upon one-helf inch diameter
tubes, and total flow rates of 6.0 pounds per hour, Figure 21 has been pre-
pared glving pressure drop as a function of radiator ares with number of tubes
as a parameter., The pressure drop of the open one-half inch tubes is prac-
tically negligible, Contaminant loading in the tubes, filters, and other
system components will undoubtedly dictate system pressure drop characteristics.

FREEZE-OUT SYSTEM

During the development of specific freeze-out system flow schematics,
studies were made of the benefits which could be gained through the use of
certain MORL LSS components and the integration of these components into the
system., In addition, requirements were studied for edditional components not
previously analyzed.
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These studies included the use of MORL on-board cryogenic stores for
supplemental cooling, the use of the MORL or a supplemental molecular sieve
to prevent loss of COp overboard and to extend the recycle period, the use
of MORL blowers, and enalysis of a regenerative heat exchanger. These studies
and the freeze-out system flow schematics which were generated are included
in this section with estimated weight and power requirements,

Utilization of Onboard Cryogenics

For the primary MORL mission the performance of the space radiator, as
discussed in the previous sections, is such that its usefulness for contemi-
nant control is only marginal at best, Therefore, supplemental cooling by
the MORL on-board cryogenic stores was investigated to determine if its use
could effectively augment the cooling capacity of the space radiator.

The cooling capability of the MORL stores system is shown in Figure 22
in terms of the temperature drop which could be realized in the cabin air
stream flowing at the selected process flow rate of 6 lb/hr. The amount of
cooling capacity depends upon the withdrawal rate of stores from the vessels
and the heat leakage into the vessels., These parameters are included in the
figure. In the ideal case of zero heat leakage into the vessel the MORL
withdrawal rate would give & temperature drop of 30°F.

This cooling capability 1s quite small compared to that required for
freeze-out. For example; for the primary mission the radiator will give
about 350°R outlet temperature. If cryogenic stores were used to further
reduce the temperature by 100°R to achieve a more realistic freeze-out
tempersture, the cryogenic withdrawal rate required would be about 50 lb/day.
This welght penalty is unacceptable. Further, the use of the MORL cryogenic
stores would require extensive control and insulation modificetions which
would decrease the over-all MORL system reliability.

The cooling demands of the cryogenic stores for an integrated freeze-out
system would also complicate the control of the cabin total pressure as well
as the Op and Ny partisl pressure. It was concluded that the use of cryo-
genics for conteminant freeze-out control could only be justified when a
relatively high use rate above normal metabolic or leakage rates is required.
The use of cryogenics freeze-out thus becomes relegated to missions which
continually consume propellants (LHQ and L02) at relatively large rates.

Utilization of MORL Molecular Sieve

The characteristics of the MORL CO2 removal unit are important in establish-
ing freeze-out system feasibility and COp and HyO losses. These compounds
will be frozen out in the freezer and will be lost when the contaminants are
vented to space. In order to insure that the recovery of Op and Ho0 are not
compromised in future missions, their loss during venting must be minimized.
A process air stream free of COo and HoO will accomplish this and will also
provide longer periods of operation before regeneration is necessary due to
the build up of these coampounds in the freezer.
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The primu'y mission MORL uses & molecular sieve for COp removal., The .
unit provides Hx0 free air as well as air low in COp content. The charac-
teristics of the unit are summarized below:

Process flov rate 60 1b/br
Adsorbing zeolite bed temperature 550°R
Water content of air out of zeolite bed
Partial pressure 0.000022 mm Hg
Dew point 320°R
CO0o content of air out of zeolite bed
Partial pressure 1.6 mm Hg
COo dew point 2540R
Process air total pressure T psia
Zeolite type Linde 5A
Zeolite weight (one bed) 7-3/4 1b
Zeolite bed length 5 inches

The maximm amount of HoO trapped in the space radiator using a radiator
air flow rate of 6 lb/hr may be determined by the rate equation,

o Pgo Mo o
mHeO = PT )

mgo = mass rate of H,0 trapped in radiator (1b/hr)
PHO = partial pressure of H,0 (2.2 x 10~° mm Hg)
Pp = total spacecraft cabin pressure (362 mm Hg)
MH.zO = molecular weight of water (18)

M = molecular weight of cabin air (30)

m, = mass flow rate of cabin air through the radiator (1b/nr)

The total air flow to the radiator for one year is 52,500 pounds., The amount
of water removed from the air stream during this time is .002 pounds. There-
fore, the effect of the contaminant removal system on the spacecraft water
balance and water management system is nil. Also, water freeze-out will not
dictate the regeneration cycle of the freezer,




The amount of COp trapped in the space rediator was determined in a
manner similar to that used for determining the water loss. The inlet con-
centration of COp to the radiator from the MORL sieve is apg;oxima.tely 6,500
Ppm by weight. The outlet temperature of the radiator (200°R) will have a
corresponding CO» vapor-pressure equivalent to approximately 13 ppm. The
difference times the mass flow rate gives an amount of COp removed from the
system during a years' operation of 335 pounds. This is about 6.6 percent
of the total metabolic ocutput of the six-man crew and could pose potential
oxygen logistics problems for a spacecraft which regenerates Op. The amount
of recoverable oxygen lost in the COo during one year is 244 pounds. This
mey not be a serious loss for certain missions because the excess metsbolic
water could supply 1,300 pounds of oxygen make-up. The loss of COp can also
be reduced or eliminated, if required, by using higher radiator temperatures
at the expense of contaminant removed effectiveness. For example, a radiator
temperature of 251+°R would result in no loss of COs but would remove TO per-
cent rather than 85 percent of the contamineants studied.

The CO2 trapped in the radiator will determine the allowable period of
operation before regeneration is required. The following radiator date was
used in estimating this period prior to venting and removal of COo.

C0o Inlet Concentration 1.6 mm Hg

CO, Inlet Dew Point 254°R

Flow Rate/Tube 0.5 1b

Tube Diameter (ID) ik inch (1/2 inch 0.D.)
Frozen COp Density 95 1b/rt3

Unloaded Pressure Drop Per Foot .033 inch Hy0

Space Equilibrium Temperature 65°R

The temperature profile of the radiator tubes obtained from Figure 18
shows that the temperature drops fram 254 to 225°R in two feet of length.
It was assumed for estimation purposes that the amount of COp deposited in
the tube (difference between 1.6 mm Hg at 254°R and 0.1 mm Hg at 2250R) was
distributed evenly over this length. The COp deposition rate is 0.0552 in.3/
tube~hour. By calculating the resulting restriction of the one-half inch tube

& pressure drop was obtained as a function of time (Figure 23). The calcula-

tions assumed that pressure drop was proportional to velocity squared. Figure
23 is for an idealized case and waes prepared to give only an order of magni-
tude estimate of regeneration times., The plot shows that the tube becomes
clogged with COp after about three days, but before this the pressure drop
remains reasonable.

The three-day period is probably optimistic for several reasons. The

main reason is that it is expected that the freeze-out tube will require some
sort of filter inside the tube to prevent the frozen contaminant particles
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fram being carried right through and out of the tube. Such a phenamenon has
been observed in freeze traps and necessitates the use of filters. For this
reason an aluminum mesh or similar type material may be considered for use in
the freeze-out tube, This would cause direct impingement of the frozen mate-
rial along the tube length and hopefully distribute the load of frozen con-
taminants. A filter at the end of the tube only might result in excessive
loading and clogging at this point (see test results). From the standpoint
of CO» loading and regeneration time, any filtering scheme will result in a
greater flow restriction and more rapid increase in pressure drop; however,
this effect cannot be predicted accurately. In view of such factors, it was
considered more reasonable to presently assume a regeneration periocd of once
a day rather than once every three days.

The substantial CO» freeze-out in the rediator which has been discussed
above, led to a preliminary analysis of an suxiliary moleculer sieve to re-
move CO» fram the air stream before entering the radiator. The MORL sieve
was used as a reference from which to estimate the performance and design
characteristics of the auxiliary unit. Figure 24 was also used and shows the
adsorption capacity of Linde 5A moleculasr sieve. Table XI presents the
characteristics of the auxiliary unit and a comparison with the MORL primary
unit.

The major difficulty with the use of an auxiliary molecular sieve arises
fram the energy required for adsorption and desorption cycling. Desorption
of the zeolite to reclaim the COp can be accomplished with heat or vacuum.
The use of a vacuum pump to desorb the beds and pump the CO» to the cabin
was considered undesirable. A desorption pressure on the order of 10 microns
would probably be required, and the resulting pump would have to be designed
to preclude the introduction of contaminants such as oils into the cabin.

The use of heat for desorption also results in the requirement for complex
auxiliary heating and cooling equipment. Cooling is necessary to restore the
zeolite bed's COo adsorption capability and prevent excess heat from being
transferred to the freeze-out radiator. The air flow through the beds does
not have sufficient thermal capacity to provide the necessary heating and
cooling and, therefore, heat exchange internal to the zeolite beds is neces-
sary to provide fast enough temperature cycling. If a heating fluid at 4OO°F
and coolant at 35°F were available, heating and cooling circuits would have
to be integrated into the bed design. If heating fluid was not available,
heaters requiring considerable electric power would be needed. The thermo-
regenerative molecular sieve would be quite complex and the design of heat
transfer surfaces integral with the zeolite bed would be difficult. In
general, an extensive analysis and actual adsorption/desorption tests on
zeolite with COo at low partial pressures would be necessary for the detailed
design of the molecular sieve concept.

Blower and Heat Exchanger Utilization
The freeze-out systems will require blowers capable of delivering 6-10
pounds/hour of air at about 10 inches of HpO rise. Such units are readily

available, weighing about two pounds and requiring about 25 watts. The use
of the MORL suit-molecular sieve blowers for integration with the freeze-out
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TABLE XI.- AUXILIARY AND MORL MOLECULAR SIEVE CHARACTERISTICS

Zeolite type
Zeolite bed weight
Air flow rate

Bed temperature
Bed length

Mass flow velocity

Residence time of air passing
through the bed

Inlet COp pp
Outlet COo pp

Adsorption time before
cycling beds

Load of COp at the end of
the adsorption half-cycle

Approximate loed percentage of
adsorption capecity at the
average bed COp partial pressure
(see Figure 23

MORL

Linde 5A
T7.75 1b

60 1b/hr
550°R

5 inches

140 1b/hr £t

.6 sec
L mm Hg

1.6 mm Hg

8 minutes

Lo 12 €02
-010 1b zeolite

17%

Auxiligzz
Linde 5A

4 1p

6 1b/nr
550°R

12.5 inches

55 1b/hr £t°

2.4 sec

1.6 mm Hg

0.1 mm Hg (estimated)

30 minutes

1b COp
00kLk

: 1b zeolite

15%
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system did not seem reasonable in that their use would dilute the CO> content
of the molecular sieve inlet air stream, thereby decreasing the primary wmo-
lecular sieve efficiency. Also, the total available pressure rise of the
MORL blowers is only seven inches of HoO of which possibly three inches would
be available for the freeze-out system, This is probably not sufficient for
the system.

A regenerative heat exchanger was gized to cool the air stream prior to
flow through the radiator, and to warm the treated air stream prior to exhaust-
ing it to the cabin. The design was based upon a TO percent effective unit of
conventional plate fin arrangement. The design calculations were based on
data presented in Reference (19), and resulted in a counter flow exchanger
about 2 inches x 1 inch x 12 inches long. The weight of the core was about
one pound and the total pressure drop was less than 0.5 inch of H20. One-
inch thick fiberglass batting is adequate for thermal insulation and weighs
less than 1/2 1b. The total weight of the heat exchanger, supports, transi-
tion duct, etc,, was taken as four pounds.

The regeneration of the freeze-out radiator can be controlled manually.
The controlling factors are radiator outlet temperature and flow. The radia-
tor performance is such that flow changes due to pressure drop increases (002
deposition) can be indirectly observed by a change in radiator outlet tempera-
ture. A temperature range of :_15°R from the set point will probably be ade-
quate for proper freeze-out operation. When the temperature drops too low,
a warning light or alarm can be used to inform the crew that an adjustment
must be made to an inline throttling valwe. In the final design, regenera-
tion timing and tube sizing would be selected so as to minimize manual
adjustments.

It has been assumed that the regeneration of the space radiator to re-
move COp and contaminants can be accomplished by isolating the radiator cir-
cult from the feed air stream and exposing it to the vacuum of space. In
practice, the radiator may also require a sublimation heater to increase its
temperature in order to shorten the time for efflux of the trapped materials.

Preliminary Freeze-out Schemes

Several illustrative freeze-out schemes for the primary and alternate
MORL missions have been formulated based on the data presented in the previous
sections. Simplified schematics are presented along with estimated flight
weight, power, and radiator area requirements.

Primary Mission Schematics.- The schematics for the primary mission freeze-

out concepts are shown in Figures 25 and 26, and the pertinent characteris-
tics of these concepts are given in Table XII. The figures are based on a
space equilibrium radiator temperature of 3500R, which only allows about 15%

of the contaminants to be removed. The direct radiator scheme shown in

Figure 25 is the simplest approach, with direct flow of air from the MORL
molecular sieve zeolite bed discharge to the space radiator and return through
a blower to the cabin, The concept of Figure 26 is basically the same except
for the use of a regenerative heat exchanger to precool the air before entering
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65



66

To Cabin
MORL ?
Molecular . ) Vehicle Shell
Sieve | S
Flowmeter
Blower

Throttling Valve
493°R
TO%
550°R Regenera- __@ g
=1 tive Heat L'&F
Exchanger | '
¥ |
360°R
Radiator
Automatic
Safety
Isolation
|
To
| —%= Vacuum

Figure 26.- Radiator and Regenerative Heat Exchanger Concept
- Primary Mission




ar SE€ aT o2 ar SGEE at GEE ar GE€ 8807 SO0 ATI8IK °G
%58 %59 Ad] %ST %ST paAOWRY SHUBUTUBIUOCD

Jo 88Bjusdaad *f
8398M 0§ s348M OF s338M G2 s33en 02 §938M 02 Jamod JamoTd €
2% 00T oW Of o*F Of oHF 91 23 he BaIY I038IPBY °2

qt 6L qat &L qr <€ at T2 at o2 T8%0L

- of = - - bASTG TBTNOOTON

LAreTTTXNY

£ 2 2 2 g UOT3BIUSUMNLIZEUT

ot q [ s Y SaUTT pus SOATBA

et 9 9 f - (s)x28uByoxy 382H

f c 2 2 2 (s)xanotd

06 02 02 3 AN J038TpBY
a98Wysy FUYITaM °T
62 2mITd ge aIITd Lz am3td 92 aamITd G2 2andtd 0T38TI9308IBYD

Ja8usyoxy 989H |oA9T8 IBTNOITOW  rafusyoxd 789H | I38usyoxy 3BIH 1N0~-2Z3dI4
ajBvIpamaajul |[snTd 3No-3zZa3dad 3AT3BISUEDY aATqBIaUSBIY |X038TIPBH 3094T(
snTd J038TpBY}| sSntd 1038TPBY
SUOTSSTW THOW 33BUISITY UOTSSTW THON AJeurrid qdaouo)

SIJEONOD INO~AZARYA TVYIAAS J0 SOLISTHAIOVHVHO -°IIX TTEVL

67



the space radiator. This approach requires less radistor area and weighs
about the same as the direct approach. Therefore, it is to be preferred.

An auxiliary molecular sieve is not required in either scheme since the
freeze-out temperatures are above the COo removal point. This factor would
allov long periods between regeneration of the radiator. Manual valves are
included for flow control and venting of the radiator to space, and safety
isolation valves are included in case of a puncture of the radiator. The
latter valves would close at sensing a low pressure in the line and isolate
the radiator fram the cabin, The temperature in the regenerative heat ex-
changer is above the freezing point of most compounds. Therefore, the heat
exchanger is not vented to space, If future testing indicates that the
regenerative heat exchanger should be vented, the manual isolation valve
could be placed upstream of the heat exchanger. In this case the heat ex-
changer would be constructed heavier to withstand the larger pressure
differentials.

Alternate Mission Freeze-out Concepts.- The alternate mission concepts show
more promise for substantial contaminant removal due to the low readiative
temperature environments. A space equilibrium radiator temperature of 65°R
is possible for the synchronous orbit and the Mars mission and was used as
the basis of the concepts studies. A 200°R freeze-out temperature was
assumed as a practical lower limit., Three concepts are illustrated in

Figures 27, 28, and 29, and the pertinent characteristics are included in
Table XII.

The simplest and lightest scheme shown in Figure 27 includes only a
regenerative heat exchanger and the radiator. Since the heat exchanger drops
the cabin air temperature to 305°R some contaminants may be frozen out in
the heat exchanger. Therefore, the manual isolation vaelve for regenerating
the radiator system 1s placed upstream of this heat exchanger which would
have to be designed to withstand the resulting vacuum. Both flow sides of
the heat exchanger could be vented to vacuum if it was found to be desirable
upon detailed design of the heat exchanger core. Venting and regeneration
of this system would be required spproximately once a day due to the COp
build up in the radiastor tubes. Flow control is manual by means of the
metering valve and the flowmeter. The €Oy loss using this scheme would be
about 335 1b/year with a resulting Op loss of 24l 1b/yr. If the over-all
ISS could not make up for this loss with 0o from metabolically produced water,
a system employing an auxiliary molecular sieve could be considered.

Figure 28 shows one possible concept employing an auxiliary molecular
sieve, It is identical to the preceding system except that a thermo-
regenerative molecular sieve has been included. The system assumes that heat-
ing fluid 1is available for zeolite desorption. Internal cooling and heeting
of the zeolite beds is indicated and could be controlled by automatically
activated solenoid valves. The complexity of the thermo-regenerative molecu-
lar sieve is evident from the figure. As mentioned earlier, an extensive
study would be necessary for the detailed design of the molecular sieve con-

cept.
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Figure 29 is a schematic of a system using a secondary closed loop for
heat rejection, Nitrogen is used for the secondary heat transfer fluid and
would be supplied from the N2 stores system. Freeze-out occurs only in the
two heat exchangers. This scheme has the advantage of an isoclated radiator
loop which would not cause & cabin decompression if the radiator were punc-
tured. Another advantage is that the heat exchangers could be more readily
heated for regeneration than the external radiator if this were necessary.
A radiator by-pass is shown in Figure 29 for this purpose. An uninsulated
portion of this by-pass tube could be heated by natural convection of the
cabin and thus provide the heat for regeneration of the freeze-out heat ex-
changers. The major disadvantage of the scheme is the temperature degradation
due to the use of the secondary loop. At the low temperatures and radiator
heat fluxes involved, this results in excessive radiator area. Also, the
scheme is more complex due to the use of the secondary loop.

TEST PROGRAM FORMULATION

Discussion of Test Objectives

The preceding sections have described the analytical and review work done
in studying freeze-out feasibility. In general, the feasibility for the
model used depended upon knowledge of:

l. The contaminants to be removed.

2., The ability of a space radiator and its enviromment to produce low \

temperatures,

3. The characteristics and mechanization of the freeze-ocut process
itself,

Further studles involving the first item involve long-term data acquisi-
tion as ISS missions and testing continue. The second item was studied in
sufficient detail in earlier sections to predict that low temperature freeze-
out radiators are possible for same missions. Several aspects of item 3 were
also studied and discussed earlier, but several uncertainties did not lend
themselves to analysis, without additional experimental data. To study these
uncertainties as well as provide initial experience with a breadboard system,
‘& short test progrem was initiated. It included fabrication of a freeze-out
tube to simulate a space radiator tube and testing with several selected
contaminants.

The testing included investigation of actual freeze-out effectiveness,
Earlier, in the absence of any data on the dynamics of the freeze-out process,
removal effectiveness was tentatively estimated by assuming mass transfer
equilibrium between the gas stream flowing past the solid contaminant. To
establish the actual effectiveness the inlet and outlet partial pressure (or
ppm) values were measured for the test contaminants flowing through the simu-
lated radiator tube, .

T2




Another aspect of the freeze-out process on which feasibility depends
is characteristics of CO2 loading and removal fram the freeze-out tube, About
once a day the freeze-out tube must be purged of CO2., In the previous sections
it has been assumed that the vacuum of space could be used for this CO2 purge,
as well as to purge the other contaminants. Tests were run with a vacuum
pump connected to a COp-loaded freeze tube to investigate the purge character-
istics. A prolonged CO2 loading test was run to determine the rate of differ-
ential pressure increase due to CO2 buildup. Also, the influence of COp on
the effectiveness of freeze-out of other contaminants was studied.

The freeze-out system weight penalty calculated earlier depends upon the
availability of very dry air with about 1.6 mm partial pressure of CO2, It
was assumed that this air would come from a molecular sieve-type CO2 concen-
trator in which silica gel and synthetic zeolite would remove water and COs.
However, these chemicals may not be usable because they may adsorb same of
the compounds meant to be frozen out. To investigate the usefulness of these
chemicals to pre-process the alr, tests on thelr affinity for two contaminants
were included in the test program.

Selection of Test Contaminants

Before further formulation of test plans and equipment, the list of con-
taminants previously presented in Table III was surveyed in order to select
several campounds which could be used for testing. The selection involved the
following criterisa.

l. Probability of existence in a space vehicle enviromment similar to
the MORL.

2. Variety of parent campounds, to insure inclusion of representative
campounds from inorganic and organic campounds.

3. Low molecular weight and boiling point to insure inclusion of com-
pounds which are not readily absorbed by charcosal.

4, Low spece maximum acceptable concentration (SMAC).

The various cross tabulations presented earlier were used to establish cam-
pounds which qualitatively satisfied several or all of the above criteria.

An additional coneideration in the selection of compounds for testing
was the capability to measure these compounds with existing equipment and
known techniques. The monitoring equipment must detect and measure the com-
pounds at concentrations in the low part per million range. An IR spectro-
photameter and a gas chramatograph with a hydrogen flame detector and a
thermal-conductivity detector covered a range of compounds and provided the
necessary sensitivity. For these instruments, estimates were made of mea-
surement sensitivity for a mumber of possible test compounds. These estimates
were used to eliminate those campounds which could not be adequately monitored.
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As a result of the above considerations, a list of 22 possible test com-
pounds was prepared for initial consideration and is shown in Table XIII, This
1list was reviewed by NASA and Convair and the seven campounds underlined were
finally selected for testing.

Carbon dioxide was selected because of its high introduction rate into
a manned enviromment and the possibility of frozen CO2 obstructing the redia-
tor. Ammonis was selected due to the high air flow rate required to insure
an acceptable ammonia concentration level. The other contaminants selected

were representative of those campounds meeting the criteria discussed pre-
viously.

General Test Plan

Table XIV summarizes the tests and the contaminants used, The test
numbers listed in the table do not indicate the order in which the tests were
run, The first two tests were intended to investigate COo freeze-out on
short-term runs and the ability of vacuum to purge the freeze tube of carbon
dioxide. The purpose of the third test was to observe freeze-cut system ope-
ration with the accumulation of carbon dioxide within the tube over long-term
operation., In addition, Test No. 3 was used to observe vacuum purge effec-
tiveness on & fully loaded tube. Test Nos. 3 and 4 were to examine the freeze-
out characteristics of ethyl alcohol and to determine whether the presence of
carbon dioxide would influence its freeze-out effectiveness. Tests 5 through
10 were for the purpose of establishing freeze-out characteristics for benzene
and emmonia and to measure any removal of these contaminants which might take
place in silica gel or molecular sieve pretreatment beds. Tests 11, 12 and
13 were to evaluate freeze-out characteristics of methylene chloride, acetal-
dehyde and sulfur dioxide.

TEST APPARATUS

To accomplish the test objectives, an experimental freeze-out heat ex-
changer and assoclated apparatus were assembled and utilized. The test
apparatus included the following six major divisions.

1. Heat exchanger and temperature control/measurement apparatus,

2. Contaminant and air feed apparstus.

3. Gas analysis apparatus.

L, Nitrogen supply apparatus.

5. Vacuum producing apparatus.

6. Chemical canisters.
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TABLE XIV,- TESTS AND CONTAMINANTS

Contaminant
cerbon dioxide
carbon dioxide

carbon dioxide and
ethyl alcohol

ethyl alcohol
benzene

benzene

benzene

ammonia

ammonia

ammonia

methylene ehloride
acetaldehyde

sulfur dloxide

Contaminant Adsorption Tests

Freeze-out Heat
Exchanger Tests

Freeze-out Silica Molecular Vacuum CO2

Effectiveness Bed Sieve
X
X
X
X
X
X
X X
X
X
X X
X
X
X

Purge Loading
X
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These divisions and their inter-relationship ere shown in the block diagram
of Figure 30. A brief description of each of these major divisions follows,
A detailed description and pictures of the apparatus are presented in
Appendix A,

A stainless steel counterflow parallel tube heat exchanger was designed
and fabricated during Phase II of the program. The heat exchanger design
vas based on the Phase I radiator studies and consisted of two half-inch out-
side diameter tubes brazed together along a 10-foot lengthe Counterflow heat
exchange existed with gaseous nitrogen entering one tube at one end at cryo-
genic temperatures and air entering the other tube at the other end of the
heat exchanger at room temperature. Air at epproximately one atmosphere pres-
sure was used due to the increased system complexity which would have been
required at reduced pressure. Contaminant SMAC partial pressures, however,
remained unchanged., The temperature profile of the air stream in the air
tube was controlled by flow control valves located approximately every two
feet along the nitrogen tube. The actual temperatures were monitored by a
series of chromel-alumel thermocouples instaelled in and on the heat exchanger.

A system of valves and flowmeters and a supply of various contaminants
provided for the introduction of one or more contaminants into the air stream
at concentrations as low as several parts per million. Regulated facility
air was filtered and routed to the mixing valve board where a contaminant at
the desired concentration was metered into the air stream. The alr stream
then entered & mixing chamber and the uniformly mixed gas stream was routed
to the heat exchanger.

Two types of instruments were used for monitoring the contaminant concen-
tration during the freeze-out testing. These instruments were an infrared
spectrophotometer and gas chromatograph.

Gaseous nitrogen was used as the cold fluid for the heat exchanger.
Nitrogen from standard pressurized bottles was passed through a copper coil
which was submerged in liquid nitrogen. By use of a bypass line around the
coil and flow distribution valves, Np inlet temperatures between approxi-
mately 160° and 500°R over a wide range of flow rates could be obtained.

A vacuum system was connected to the freeze-out side of the heat ex-
changer so that it could be evacuated to simulate venting a flight system to
space. The vacuum system consisted of two roughing pumps and a dual oil dif-
fusion pump. A combination of thermocouple gages, vacuum ion gage and a
McLeod gage were used during the evacuation of the heat exchanger to monitor
the full range of pressures.

Chemical canisters were used to determine the adsorption characteristics
of silica gel and molecular sieve beds. The canisters were in the form of
small glass cylinders which held the adsorbents between appropriate spacers
and filters. They were inserted into the line as shown in Figure 30. The
amount of silica gel or molecular sieve used was between 50 and 100 grams.

AR ¥



snyureddy 988 3N0-23991] JUSUTWELUO) JO WBIBRT] XoOTd -°*0f 9InITd

quap

t

uoqeuIMEMIL SUT gnayereddy
—f— uranseay el ——————— w1 8Lg
— — — JIPUTENUOD UMnNoBA
| a0y | %
T r.'l_ .ndo.”w_‘u@u - et snyereddy quswIINSWON puw P Frr PG 3u34A
= TOmne) aameradsel
L { zefueyoxg 39K R
t oy mz
L1
sty uxeddy
furwogyodoxg nzac.numnt
Iy e USBOII TN




TEST PROCEDURES

A brief discussion of the test procedures used to accomplish the objec-
tives of this study is given below. A more detailed discussion is included
in Appendix B.

In order to determine contaminant removal in the freeze-out tube, the
tube was chilled to correspond to the approximate temperature profile of a
space radiator tube, Air contalning the contaminant to be tested was intro-
duced into the tube. Gas analyses were continually run on the inlet air and
an attempt was made to maintain a constant inlet concentration. The outlet
concentration was measured periodically to determine how much contaminant
was being frozen out.

To study the effectiveness of purging a flight radiator to space, a simu-
lated vacuum purge was conducted, A known amount of COp was frozen on the
tube wall as described in the procedure above., Then the freeze-ocut tube was
isolated from the rest of the system and opened to the vacuum system while
maintaining the freeze-out temperature. After the desired period of evacua-
tion, the vacuum system was shut off and the tube was warmed by flowing room
temperature nitrogen through the nitrogen side of the heat exchanger. As the
freeze-out tube was heated, the residual COo sublimed. The amount was calcu-
lated by observing the pressure rise in the tube and analyzing the residual
gas for CO2 content.

An experimental CO, loading test was run using the freeze-out test pro-
cedure, The inlet and outlet CO2 concentration and the pressure drop across
the air side of the heat exchanger were monitored,

Tests on the adsorption capacity of silica gel and molecular sieve were

run while monitoring inlet and outlet concentrations and flow rates, Initially,

low ppm inlet values were used but these were increased when loading times
were found to be excessive,

TEST RESULTS

Freeze-out Effectiveness

The test results giving freeze-out effectiveness are shown in Table XV,
The tabulated ppm values of the contaminants have been selected from the data
as those obtained under the steadiest conditions of flow, tube temperature,
and contaminant concentrations. The inlet and outlet concentrations are
averaged over about & half-hour intervel. For run No., 6 a range of inlet and
outlet concentrations and temperatures are shown as experienced during the
16-hour test.
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The air flow rate is included in the table and was 0.43 pound/hour during
most of the tests., This approximates the design flow of & single radiator
tube of 0.5 pound/hour. The outlet freeze tube temperature was maintained at
about 200°R. Except for the COp loading tests all tests were started with a
clean tube. Most test runs lasted for two to four hours and were, therefore,
made with essentially unloaded tubes.

The approximate removal effectiveness values have been celculated and
are included in the table. They are only valid for the conditions shown and
not as a generally applicable value, For example, & change in the inlet con-
centration or radiator tube temperature could result in a drastic change in
removael effectiveness.

During test No. 1 on alcohol, the inlet concentration of 100 ppm resulted
in an outlet concentration of about 40 ppm. The relatively high outlet con-
centration led to two other tests to investigate its probable cause. During
one of these tests the ailr flow rate was reduced to 0.0T pound per hour and
the outlet concentration dropped to 11 ppm. The second test was run to deter-
mine if a filter placed in the end of the freeze-out tube would reduce the
outlet concentration. The freeze-out tube was shutdown temporarily and a
small fiberglass filter was placed in the outlet end of the tube, The intro-
duction of contaminants was again resumed, and the filter caused a significant
reduction in the outlet concentration to about 5 ppm. However, with the filter
in the tube the pressure drop rose from O to 0.2 inch of water in about 45
minutes of operation.

In test No. 2 with COp, an inlet concentration of about 400 parts per
million resulted in an outlet concentration of 30 parts per million. After
freezing out COp2 at an average inlet concentration of about 500 ppm for one
hour and twenty minutes, alcohol was added to the inlet air stream. It may
be seen from the tabulated results that neither gas had a significant effect
on the freeze out of the other. The slightly lower outlet concentration of
CO2> was attributed to the slightly lower temperature at the outlet of the
freeze-out tube.

Test No. 3 was run with benzene as the contaminant gas. After about
three hours of testing with the outlet concentration of six ppm, a filter was
again installed in the freeze-out tube to determine if the outlet concentra-
tion could be reduced. The outlet concentration dropped to less than one ppm;
however, again the pressure drop of the tube increased quite rapidly from O
to 9 inches of water in one hour of operation. Following the pressure buildup,
the freeze-out tube was temporarily shutdown and the filter was removed.

Upon inspection the upstream end of the filter was observed to have a coating
of white frost which smelled strongly of benzene and thus verified that the
filter was actually removing the benzene., The filter was then removed from
the tube and the inlet concentration was reduced to seven ppm to see if this
had a noticeable effect on the outlet concentration. The outlet concentra-
tion was only slightly reduced from six to four ppm.

81



In the tests on ammonia, an inlet concentration of eight ppm resulted
in an outlet concentration of about 1.5 ppm. The inlet concentration was
raised to about 60 ppm with no noticeable effect on the outlet concentration.
This outlet concentration of 1.5 ppm was within the accuracy of measurement
of the amount which would remain under ideal freeze-out conditions. To con-
firm that the frozen material was all removed, a fiberglass filter was in-
stalled and no reduction in outlet concentration was detected.

In tests on methylene chloride with an inlet concentration of 105 ppm,
an outlet concentration of less than two ppm with a filter resulted. With
no filter an inlet concentration of 65 ppm resulted in an outlet concentra-
tion of 30 prm. Run No. 7 was made with sulfur dioxide. Due to limitetions
of the gas analysis equipment, the inlet concentration used was seven ppm
rather than 0.5 ppm, which corresponds to the SMAC. With this inlet, the
outlet was found to be less than one ppm. Acetaldehyde was tested and an
inlet of 25 pmm gave an outlet of four ppm.

During the 16-hour COo loading test, run No. 6, a number of COp removal
effectiveness values were measured. As shown in Table XV, the inlet varied
between 400 and 1,000 ppm and the outlet between 30 and 40, After about 15
hours of loading, alcohol was added to the inlet ailr COp mixture at about 55
ppm and the outlet ranged from one to five ppm, indicating an improvement
over the earlier alcohol tests. This was attributed to the loaded condition
of the tube.

-CO2 loading and Vacuum Purging

In general, the tests on COp» loading of the freeze-out tube and vacuum
purge effectiveness gave only qualitative results.

The COp loading test was run for about 16 hours and the pressure drop
(A P) of the tube was observed. The pressure drop rose from O to 0.6 inch
of water; as shown in Figure 31. ILate in the test; however, it was dis-
covered that water vapor was being introduced into the tube as well as COop.
The chemical filter for the facllity air had become loaded. Therefore, the
pressure rise was due to water plus COo loading of the tube. It is probably
higher than that which would occur due to CO» loading only.

Near the end of the period of loading, the tube was tapped for several
minutes and the outlet concentration and pressure drop monitored. As the tube
was tapped the outlet COp ppm rose slightly and the pressure drop increased
from 0,6 to 0.75 inch of HpO. The latter would suggest that material in the
upstream portion of the tube was loosened and lodged farther down the tube where
the flow restriction was forming.

Several minutes after the tapping procedure described above, the tube was
shut off and evacuated with the vacuum roughing pump. As the glass stopcock
to the pump was opened, a slug of white frost was seen to surge out of the
tube. Several minutes later air flow through the tube was re-established and
1t wes found that the pressure drop hed been reduced to 0.04 inch of water. .
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Therefore, the material causing the pressure drop had evidently been removed
by means of the surge to vacuum. Air flow to the freeze tube was again shut
off (the tube closed off at both ends) and then opened to vacuum. A second
surge of white frost was observed, This material was probably a mixture of
HpO and COp. With less than three minutes total exposure to vacuum the freeze-
out tube was warmed by pumping room temperature No through the No side of the
heat exchanger. An analysis of the pressure rise and the amount of CO» in the
resulting gas indicated that more than 40% of the CO» had been removed as &
result of the tepping and vacuum surges. The data was very approximate due to
a lack of accurate measurements on COp concentrations at percentages above 10%
which were encountered in the analysis of the residual gas.

A subsequent vacuum purge test was run during which COo was deposited at
about 500 ppm for two hours and the tube was evacuated for two hours. No
surging was observed and the tube was maintained at the freeze-out temperature
during exposure to vacuum. The data from this test was approximate but sug-
gests that most of the COp remained in the tube,

Chemical Adsorption Tests

Adsorption tests of benzene and ammonia were run with silica gel and
molecular sieve beds. In general, higher inlet concentrations than the SMAC
values were used 1in order to shorten the tests and get approximate results
for the feasibility evaluation., The results of these tests are summarized
in Table XVI.

Benzene Loading.- During the first test of benzene in silica gel, 12 x lO‘h
pounds of benzene per pound of dry silica gel (after heating one hour at
3500F) vere adsorbed. The loading history of this test is shown in Figure 32,
The high initial inlet concentration was used to load the bed more quickly,
and was followed by loading at a lower concentration. Following this benzene-
silica gel test, the loaded bed was heated to 350°F in an oven, During the
heating process a strong odor of phenol was experienced in and around the
heating oven. Hence, it was concluded that the benzene was being (or had
been) converted to phenol and was being desorbed at 350°F. The same thing
would likely happen in a silica gel bed of an operational COo concentration
unit,

A second loading test with silica gel and molecular sieve beds in series
was started. Using an inlet concentration from 50 to 100 ppm, 56 x 10~
pounds of benzene per pound of dry silica gel were adsorbed without fully
loading the bed. During this time the benzene concentration in the air out
of the silica gel and into the molecular sieve hed was practically zero.
After almost 16 hours of operation the silica gel was removed and benzene
at 10 to 45 ppm was introduced into the molecular sieve bed. The bed became
saturated after 1.25 hours with & load of about 2 x 107" pounds benzene per
pound of molecular sieve material.
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Ammonia loading.- The ammonia tests were also run at high inlet concentra-

tions compared to the SMAC of 10 ppm. Both silica gel and molecular sieve

materials adsorbed large quantities of ammonie, as indicated in Table XVI.

Test No. 4 was run with an inlet range of 300 to 700 ppm. After about five
hours, this was further increased to 3% at which point the bed temperature

rose and the bed became discolored., The test was terminated at this point

while the outlet still showed no trace of ammonia,

Test No. 5 was run with ammonia passing through the molecular sieve bed
for 6.5 hours. As in Test No. 4 the inlet concentration was drastically
increased near the end of the test. The molecular sieve became loaded; how-
ever, and the outlet concentration rose rapidly at the conclusion of the
test.

DISCUSSION OF FREEZE-OUT FEASTIBILITY

As a result of both the analytical and test phases of this program, many
aspects of freeze-out feasibility are apparent. These are presented below.

Contaminant Removal Effectiveness

The removal effectiveness and other pertinent data on the campounds
tested were summarized in Table XV. 1In general, the removal effectiveness
of the individuel contaminant when introduced to the radiator at the SMAC
was better than 40%. Exceptions may be benzene and sulfur dioxide which
could not be tested at the SMAC values due to instrumentation limitationms.,

The outlet ppm value appears to depend little on inlet ppm. For example,
reduction of inlet from 25 to 7 ppm for benzene reduced the outlet only from
6 to 4 ppm. The removal effectiveness can be increased materially by the
addition of a filter at the exit of the tube. However, this would be at the
expense of a higher pressure drop, and probably a more reasonable filter
would be one which filters the entire tube length so as to distribute the
contaminant load more evenly. In any case, a filter would increase removal
effectiveness and possibly hinder purging of the tube.

There is some indication that the maintenance of effective removal of
same contaminants depends on accurate temperature control of the freeze-out
tube, This was observed with COo when a slight increase in the tube tempera-
ture produced a rapid rise in the outlet concentration. The criticality and
specification of the temperature control would depend upon the freezing point
of the particular compounds being considered. Qualitatively, however, a
spacecraft radiator could not be allowed to undergo large temperature fluctua-
tions without isolating the radiator from the cabin during such fluctuations.
Also, system design must preclude & large buildup of a frozen contaminant
followed by the possibility of re-introducing this contaminant into the cabin
and greatly exceeding the SMAC.




Of the contaminants studied an estimated 85% had controlling temperatures
above 200°R and, therefore, could possibly be removed by freeze-out, see Table
V for the specific compounds. The effectiveness of freeze-out removal, the
maximum steady-state introduction rate, and the SMAC of any particular con-
taminant will determine the air flow rate required to control that contami-
nant. The single contaminant which requires the highest air flow rate will
in turn establish the required steady-state flow rate of the freeze-out system.
In this study, ammonia was used to establish a preliminary flow requirement
of 0.75 pound/hourqman based upon & 93% ideal removal effectiveness at a 223°R
radiator outlet. Ten percent of the metabolic production rate of NH3 was used
as the amount introduced into the cabin and the SMAC at one atmosphere was
taken as 10 ppm. The 0.T5 pound/hour was Iincreased to one pound/hour to
account for such factors as actual removal effectiveness and freeze system off-
line time for purging. During testing about 80% NH3 removal was obtained with
a 200°R freeze tube outlet and an inlet concentration of about 10 ppm. There-
fore, if NH3 remains the determining compound at the flow rates previously
used, the original one pound/hour-man is still a valid approximate design
ceriterion,

However, it should be noted that some other campound for which rate data
is not available could become the flow rate determining compound. A high
introduction rate plus a low removal effectiveness could cause the one pound/
hour flow to be too low to remove this unknown compound. In this case the
campound could be removed by same other means and included in the group of
compounds not removeble by freeze-out or the flow rate could be increased if
not excessive. Not more than several campounds of this type are expected to
exist, assuming careful design of future spacecraft to avoid them.

The estimated 85% of conteminants which can possibly be removed using
freeze-out at 2000R was based on these compounds having controlling tempera-
tures above 200°R. The compounds tested were not removed to the extent which
might be expected based on calculated vapor pressures at the heat exchanger
exit temperatures. In addition, contaminant removal showed no direct correla-
tion to either freezing point or SMAC temperatures. However, all the com-
pounds were removed to some extent.

It 1s estimated that the 85% figure approximetes the percentage of com-
pounds which cen be controlled with the 200°R outlet temperature.

Adsorption in Silice Gel and Molecular Sieve Beds

The tests on benzene and ammonia adsorption in silica gel and zeolite
suggest that neither of these materials may be acceptable for pre-processing
the air flowing to the freeze-out system. Benzene and ammonie were adsorbed
in substantial quantities,

The MORL-type COo concentrator characteristics are indicated in Table
XVII along with benzene and emmonia throughput of such a unit. The through-
put assumes that air at seven psia and 60 pound/hour containing the SMAC
partial pressure of the contaminants is passed through the unit. Comparing
these figures with the loading test results it may be seen that the flow of
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TABLE XVII.- CONTAMINANT THROUGHPUT IN A MORL-TYPE CO, CONCENTRATOR¥*

Weight (1bs)

Half Cycle Time (min, )%

Air Throughput (1b/hr)

Benzene Throughput®* (1b/half cycle)

Ammonia Throughput** (1b/half cycle)

Benzene Throughput (1b/1b-half cycle)

Ammonia Throughput (1b/1b-half cycle)

* See Table XI (eir pressure = T psia)
¥ Using the SMAC partial pressure

¥k Adsorption time of one bed

Silica Gel Bed

p
30

60

2.0 x 10"“

1.8 x 10~k

0.4 x 10'“

0.36 x lO"4

Moleculear
Sieve Bed

T.75
8
60

<4
0.54 x 10
L

k

0.47 x 10°
0.0T x 10~

0.06 x 10~*
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benzene and ammonia through a functional unit is generally several orders of
megnitude less than the capaclity of these beds., Although the loading tests
vere run at high inlet concentrations, the comparison suggests that the con-
centrator should not be used as a source of air for the freeze-out system.

Further adsorption tests should be run on more contaminants and at the
SMAC concentration. At present, however, it appears reasonable to question
the use of either zeolite or silica gel to pretreat the air flowing to the
freeze-out radiator.

Purging to Remove Contaminants

The tests indicated that purging of an open tube loaded with COo (and
HgO) could be accamplished with one or several air surges to the vacuum of
space but might require vibration of the tube., It is felt that this mechen-
ical type purging would be essentially as effective at a seven psia cabin
pressure as it was shown to be at one atmosphere. The operation could be
menual and might not take more than seversal minutes.

The removal of other contaminants by vacuum exposure has not been
demonstrated, however, the following observations can be made. In the case
where CO2 largely dominates tube loading, COp will form much faster inside
the tube and other contaminants will probably be deposited in a mixed layer .
of mostly COp. Hence, mechanical-type purging of the CO, layer would purge
most of the contaminants. Also, other contaminants may crystallize in a
loose fluffy configuration which could be purged mechanicelly similar to the
way CO> is apparently purged. In the case where CO2 did not dominate tube
loading, purging would be required infrequently and might be accomplished by
sublimation during longer exposure to vacuum, in case the contaminant layer
were not removable by air surges.

In view of the present test and analytical background, it is concluded
that purging can be accomplished by vacuum without heating the freeze tubes
if a surge-type approach is used. If & heat cycle were readily available,
however, it could be used advantageously.

Although the mechanical surge-type removal of contaminants is adventa-
geous for purging, it 1s a disadvantage where continuous effective removal
is concerned. For example, an inadvertant vibration of the radiator might
loosen a substantial quantity of frozen material which would re-enter and
contaminate the cabin. An internal filter would minimize this problem but
would probably introduce the disadvantage of more difficult purging. No
definite conclusion on vacuum purging with a filter can be drawn.

Mission and Vehicle Limitations |
The most practical cooling sink for contaminant freeze-out appears to

be the low temperature of deep space. At the low radiator temperatures the .
heat fluxes are very low and require an orientation of part of the spacecraft




locking contimiously avay fram the sun and local astronamical bodies., This

generally becomes more difficult the closer the craft is to a planet, moon, -
etc. For the MORL synchronous earth orbit (20,000 n.mi.) or for interplane-
tary flight, the oriemtation to achieve a 200°R radiator temperature appears
possible. For near earth orbits (200 n.mi.) such orientation is impractical
except for a few speclal cases,

As mentioned earlier, enviroments characterized by large and frequent
temperature fluctuations are to be avoided. Such fluctuations will impose
additional temperature control requirements on the freeze-out system.

Loss of COo and Hy0

The initial analytical studies assumed that process air would be taken
from a molecular sieve-type concentration unit. This air would contain about
1.6 nm Hg partial pressure of CO» and result in a yearly CO, loss from the
freezer of 335 pounds (see Table XII). If air cannot be taken from this
source, as currently believed, the CO2> and water content of the air entering
the freezer might be quite high. At worst, the air from the cabin could be
used and would result in & loss of about 840 pounds/year of COo and 600 pounds/
year of H,0 (six man rates). These losses would probably be unacceptable.

An alternative would be to use a higher outlet radiator temperature of 280°R
which would allow COp at 4 mm Hg to pass through the freeze tube and return
to the cabin. This would reduce the percentage of conteaminants remcved to
an estimated 60% but would also simplify the mechanization of the freeze-out
concept, Also, at the high temperature inlet end of the freeze-out tube a
water freeze-out heat exchanger could be employed., It could be regenerated
50 as to reclaim the water rather than to vent it to space with the contami-
nants, However, this would reduce the percentage of contaminants exposed to
the resdiator. For example, benzene freezes at 41.6°F and would be removed
with the water and require subsequent treatment in the water recovery unit.

Weight, Pover and Size

Weight, power and radiator area estimates are contained in Table XII.
In view of the approximate nature of these estimates it is not deemed neces-
sary to re-evaluate them because of the test results (except for COo and Hp0
losses which are discussed above). The weight, size and power remain con-
tingent on a mmber of factors peculiar to the particular mission being con-
sldered. The system shown in the table which uses a molecular sieve should
be eliminated fram current consideration.

RECOMMENDATION OF POTENTIAL RESEARCH AREAS

The limited testing performed during the Phase II effort with silica
gel and molecular sieve material at room temperature demonstrated that these
materials remove ceriain contaminants as well as CO, and vater. This removal
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capability is a significant factor and creates the need for a re-evaluation,
with respect to contaminant control, of all life support subsystems involved
in atmosphere processing. Some of these subsystems may be effective in con-
trolling certain contaminants while other subsystems may actually complicate
their control. In additien, the inadvertent introduction of contaminants
into a subsystem may prove to be injurious to the system itself. In view

of this, a mmber of studies are suggested which will provide basic informa-
tion on contaminant behavior in an actual life support system and should be
epplicable to near term manned chamber testing., Additional studies concerned
with specific removal techniques, contaminant data management, and monitoring
requirements are also suggested, - It 1s reconmended that these research areas
be reviewed in light of the over-all NASA/IRC contaminant control research
program and that those areas be selected for study which are consistent with
the total resesarch effort.

Contaminant Removal Research

Contaminant Characteristics.- In addition to silica gel and molecular sieve,
other materials and processes within a life support system are also known to
be effective in removing or controlling certain contaminants. For exsmple,
activated charcoal, catalytic burners, and condensing water have all been
shown effective in removing contaminants. It is suggested that these, and
other processes or adsorbents which show significant contaminant control
potential, be studied as a number one priority to determine their specific
characteristics, The following items should serve as a guide to the features
to be examined.

1. CoOg, HO, Op, No, and contaminant adsorption capability.
2. Adsorption effectiveness at low ppm.
3. Effect on one adsorbate on the adsorption or desorption of others,

4, Capacity for adsorption of contaminants having low freezing tem-
peﬁratuz)-es (such that they would be non-controllable in a freeze-out
system).

5. Regeneration capability.

6. Effect of temperature, pressure, and humidity on adsorption and
desorption.

Contaminant Transport in Life Support Subsystems.- Complementary to the study
of specific contaminant characteristics, is an investigation of the activity
and transport of contaminants within and through the various atmosphere pro-
cessing subsystems, This investigation should assess the potential of the
subsystem as a useful contributor to over-all contaminant control, as well

as any potential hazard which it might introduce through contaminant storage
and sudden release or other undesirable characteristic. Subsystems to be
investigated should include those involving water condensation, COp, concen-
tration, and other atmospheric filtering or processing. Subsystems conprising
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presently existing life support systems such as the I(ASA/IBC ILSS and those
planned for the near future should be given primary consideration.

Contaminant Removal Subsystem Studies.- The ability of various materisls or
devices to remove specific substances or groups of substances while remaining
ineffective towards others suggests that an optimum contaminant removal sys-
tem may consist of an appropriate combination of a variety of subsystem
techniques. These techniques would be inter-related in such & manner as to
permit most effective use of their specific individuel capabilities.

In addition, the combination of contaminant removal with other life sup-
port subsystems, or portions of these subsystems, could increase over-all ISS
performance, as vell as enhance contaminent removal. This would result if
an item, primarily intended for one purpose, could be utilized to perform
additional functions without unfavorable interaction.

The input to these subsystem studies would include basic information on
the various materials and devices, such as freeze-out, molecular sieve, silica
gel, activated charcoal, and condensing water which have been suggested for
further study in preceding recommendations. The output of the studies would
be a mmber of integrated and optimized potential contaminant control sub-
systems which would then be sultsble for specific mission trade-off studies.

Contaminant Removal Trade-off Studies.- Trade-off analyses in which the per-
tinent characteristics of potential conteminant control subsystems would be
evaluated on a relative basis as functions of mission parsmeters, should be
performed. Mission parameters such as vehicle configuration, crew size,
mission duration and trajectory, should be considered. Contaminant control
system characteristics could include weight, power requirements, volume, and
effectiveness.

Contaminant Data Research

Cataloging of Contaminants.- Fundamental to the development of effective con-
taminant control systems and detection instrumentation is an understanding of
the individual contaminants which must be considered. It is felt that a
centralized contaminant cataloging function, exclusively concerned with space-
vehicle type enclosures, could best accomplish this. The information to be
researched and cataloged would include:

1. SMAC values.
2. Rates of generation and variation with time.
3. Type and degree of hazard or effect on the crew,

Lk, Control methods to which the contaminants are susceptible and the
degree of effectiveness of the methods,
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5. Applicable detection and monitoring techniques and instruments,
including status of those in development.

This should be considered as a continuing function, making use of past
and future data as it becomes available., Its output would be a master listing
of basic data essential to many areas of contaminant control research. In
addition, and perhaps more important, this function would be in the position
to provide direction and recommend approaches to permit the most effective
use of individual contaminant control research and development progrems.

Contaminant Origin Studies.- A powerful tool in the research of contaminent
control is knowledge of the origin of the contaminant., In addition to its
usefulness in the elimination of specially harmful substances through material
selection specifications, it can be of value in providing information on the
rate of generation and expected saturation levels of the contaminants., In
addition, it may suggest unique methods for controlling specific contaminants,
such as through the use of special coatings or sealants.

Contaminant Monitoring Requirements

Establishing the requirements for contaminant monitering consists ba-
sically of selecting the specific contaminants to be monitored and determin-
ing the best instrument or instruments for the purpose. The expanding nature
of over-all contaminant research dictates that these be continuing tasks
designed to repeatedly screen & continually updated mester list of contami-
nants and search out and incorporate new instrument capability as it becemes
available, A natural fall-out of the program will be reconmendations regard-
ing the goals and objectives of future instrumentation research and develop-
ment efforts,

Contaminants to be Screened for Monitoring.- The implementation of a specific
concepts or several integrated techniques for control of spacecraft contemi-
nants provides a starting point to establish candidate conteminants to be
monitored. The criteria to establish the contaminants to be monitored must
consider not only the performance of the removal device, but also the hazard,
probability of occurrence, and the rate of introduction for the specific con-
taminant being considered. For example, the capability of CO, removel units
to maintain a specific COp cabin air concentration are fairly well developed
and accepted, however, spacecraft gas monitors still require a COp determina-
tion because of the absolute certainty that COo will be present.

The conteminants listed in Table XVIII have been campiled from the 122
found in verious closed enviromments. The list contains only those estimated
to be non-controllable to the SMAC or to the explosive limit by a freeze-out
radiator with a lower temperature limit of 200°R. This 1list, therefore, pro-
vides an example of contaminant selection based on removael unit performance.
Some of those listed will have a very low probability of occurrence and,
therefore, not require monitoring. Others controllable by freeze-out and,
therefore, not listed, will probably require monitoring because of their high
hazard and probability of occurrence, It would be premature at this time to
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TABLE XVIII - FOSSIBLE CONTAMINANTS TO BE MONITORED

Sampling Concentration

SMAC Interval Level Potential
Contaminant PIm Accuracy (Hours) % or ppm (vol.) Instrumentation
hydrogen 4,1% - Th.2%  +5% L 0 - 80% Gc/Ms
Explosive
fluorine 0.01 +20% 1 0.005 - 1.0 ppm MM/MS
carbon monoxide 10 +20% 1 5 - 1000 GC/IR
ozone 0.01 +20% 1 0.005 - 1,0 MM/MS
wopene 2.3% - T5% +5% 8 0 -80% GC/IR
Explosive
Tropene - - - - GC/IR
methane 5.3% - 14% +5% L 0 - 20% GC/IR
Explosive
ethylene 3% - 344 +5% 8 0 - 4og GC/IR
Explosive
nitric oaxide - - - - MS
acetylene 0.05 +20% 1 0.025 - 5.0 GC
hydrogen arsenide 0.005 +30% 1 0.0025 - 0.5 MS
hydrochloric acid 0.5 +20% 1 0.25 - 50 Ms/ac
% Og;ggge 0.005 +30% 1 0.0025 - 0.5 ? MS
nitrous axide 2.7 +20% 1 1.5 - 270 MsS
hydrogen sulfide 2.0 +20% 1 1 - 200 Ms/IR
chlorine 0.1 +20% 1 0.05 - 10 MS
GC - Gas Chramatograph
MS - Mass Spectrameter
IR - Infrared
MM - Mast Meter

95




establish a list of contaminants to be monitored only on the basis of their
controllability. The contamination problem both from the standpoint of con-
trol and monitoring will require a concerted and integrated engineering and
biological effort for final resolution,

Preliminary estimates have been made of the required accuracy limits,
sampling interval or speed, and concentration levels for the listed contami-
nants. These estimates are tentative because the basic criteria for long-
term contaminant exposure has not been campletely defined and accepted by all
concerned with crew safety. The criteria used are based upon a SMAC of one-
tenth of the TIV, and an assumed low rate of contaminant generation within
a relatively large-volume space cabin such as MORL.

The level of detection of the toxic contaminants ranges from about one-
half the SMAC to 100 times the SMAC, The sampling interval of about one
hour should permit the use of a relatively high transient concentration limit
without seriocus hazard to the crew, The level of detection accuracy is con-
sistent with the range of concentration limits and the sampling interval.

Establishment of Preliminary Criteria Specification for Monitors.- The spec-
ification for trace contaminant monitors has not been established in the
past because of an absence of reasonable inputs regarding the number and
species of contaminants to be monitored. The list of potential contaminants
is so large that a practical monitoring solution can not be realized. Con-
taminant control programs, such as freeze-out, which are oriented towerd re-
moving a high proportion of all pessible contaminants, can provide an approach
to the establishment of a manageable contaminant monitoring list.

The first step towards development of monitoring instruments requires
the establisiment of candidate contaminants such as listed in Table XVIII
and discussed in the previous section, "Cataloging of Contaminants™. The
potential instrumentation monitoring techniques for the Table XVIII contamie
nents have been listed. The most extreme case for monitoring would be a
mixture of all the contaminants listed plus other contaminsnts as the list
is expanded. For this case only a mass spectrometer of verz high resolution
could be used. A normal mass spectrometer would give overlapping spectira,
i.e., CO would be on the No peak and NH3 would be on the 02 isotope peak.

An infrared analysis on a sample containing more than a few compounds
is limited as the adsorption spectra are superimposed, however, an IR could
be used as & scanning instrument to detect gross changes in cabin air
camposition.

The gas chromatograph is probably the instrument of choice for the
detection of specific compounds and also could be used to separate the samples
for mass spectrameter or infrared identification. However, no single gas
chramatograph column would be capable of separating all the compounds. Either
more than one gas chrametograph or a multicolumn unit would be necessary.

With the exception of flueorine, chlorine, hydrogen arsenide and phosphine,
all the campounds listed in Table XVIII could be determined with a two or three .
unit gas chromatograph., A potentiometric measurement for fluorine and chlo-
rine based upon an oxidation-reduction reaction can be made on a Mast meter
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if they do not occur simultanecusly. The detection of phosphine would appear
extremely difficult at the sensitivities required and no reasonable technique
is presently available.

A materials selection progrem is a vital part of minimizing the contami-
nant problem and will take on added significance when specific instruments
are selected as monitors. The master list of contaminants appropriately
screened will dictate the type or types of instruments required. In all
probeability, the majority of contaminants will be detectable by one or two
. instrumentation techniques. The remaining contaminants may require highly
specialized and, therefore, non-reasonable spacecraft instrumentation. At
this point a critical materials specification for the elimination of these
contaminants or parent conteminants which might produce them would be required.
If the contaminants on the master list which require specialized instrumenta-
tion are products, or can be potentially synthesized from products, of the
crevw metaboliam then the specialized instrumentation may be required regerd-
less of camplexity.

CONCLUSIONS

1. It was estimated from the studies that as many as 85% of the 122 contami-
nants considered could be removed using freeze-out at 200°R. If CO2
losses at this temperature vere unacceptable, a 280°R temperature could
be used which would still remove an estimated 60% of the contaminants.

2. Feeding cebin air to a 200°R freeze-out system would result in a COp and
water loss of 840 pounds/year and 600 pounds/year respectively. Using
about 280°R for the outlet, the COo loss could be eliminated. Water
losses could be reduced by using a regenerative heat exchanger to lower
the air inlet temperature to the freeze-out tube.

3+ The most practical cooling sink for contaminant freeze-out appears to
be the low temperature of deep space. For the MORL synchronous earth
orbit (20,000 n.mi.) or for interplanetary flight, the orientation to
achieve a 200°R radiator temperature appears quite reasonable. For near
earth orbits (200 n.mi.) such orientation is impracticel except for a
‘few specilal cases,

4, Of the preliminary systems studied , one using a regenerative heat ex-
changer in conjunction with a fin-tube radiator for direct cooling of
the cabin air is most promising. For the alternate MORL missions,
typical penalties would include a weight of about 35 pounds, 25 watts
for a blower, and about 40 £t2 of radiator surface, An additional power
requirement would result if a heater were necessary to aid in purging the
tube of contaminants to vacuum. These penalties would also change slightly
depending upon the freeze-out temperatures being used.

5. Using cabin air with 4 mm Hg CO2 partial pressure, the space radiator,
OEerating at 200°R would require regeneration approximately once every
2l hours.



Experience gained during testing suggests the need for a filter and a
reliable temperature control system to prevent frozen contaminants from
re-entering the cabin.

Tests vere run on benzene and smmonie adsorption in silica gel and
molecular sieve beds., The results suggest that these materials cannot
be used to pre-process the feed air to the freeze-out system due to
possible contaminant adsorption. They also indicate an urgent need for
further information on the behavior and transport of contaminants in
and through current life support subsystems.

Alternate contaminant control methods using a variety of adsorbents
should be investigated to obtain sufficient data for comparative trade-
off studies.

The results of the preliminary analysis and testing indicate that the
freeze-out control technique is feasible, though clearly limited in
capability and is liable to become complex both in design and fabrica-
tion as vell as operation. However, as an alternate safety feature
which would be independent of other subsystems, further investigation
and trade-off studies may be warranted following or concurrent with
studies of adsorption and other techniques.
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APPENDIX A
TEST APPARATUS DESCRIPTION

A generalized description and schematic of the test apparatus was pre-
sented in the text, A detailed description of the major camponents is given
below,

Freeze-out Heat Exchanger

Design,- To permit experimental study of a number of critical characteristics
of a freeze-out space radlator, a single tube representing one element of
such a radiator was designed. The tube was cooled with No such that its tem-
perature profile approximately duplicated the calculated profile presented
earlier in Figure 18. The profile used was the 500°R to 200°R portion of the
curve having an equilibrium temperature of 100°R.

A number of heat exchanger configurations were analyzed with the result
that a simple parallel tube counterflow configuration was chosen for use
(Figures A-l and A-2). This configuration could be easily fabricated,
offered a straight-through pass on the air side which was accessible for filter
insertion and cleaning, and had an exterior air tube wall through which thermo-
couples could be installed. Stainless steel was used to minimize the longi- .
tudinal heat conduction and help achieve the temperature profile desired.

Bleed valves were also located along the No side as shown to further aid in
achieving this profile. The tube wall thickness was 0,028 inch and the two
tubes were brazed together along & 10-foot length corresponding to the length
of the radiator tube. Gaseous nitrogen entered one tube at approximately
180°R and air entered the other tube at approximately room temperature. Both
well and stream temperatures were measured with chromel-alumel thermocouples
spaced at two-foot intervals along the 10-foot transfer section (Figure A-2).
The active length of the heat exchanger was insulated with a rigid block of
polystyrene foem as shown in Figure A-l.

The thermocouple installation for the accurate measurement of air streem
temperatures was the subject of analysis and testing. At the low flow rate
of 0.5 pound/hour, heat transfer between the thermocouple and the stiream is
quite low and conduction of heat along the thermocouple wire from the tube
wall can cause &n erroneous reading. Also, the wall pass-through point must
be leak-free for vacuum operation of the air tube and electrically insulated
from the metal wall, The thermocouple must be positioned properly inside the
tube so that the junction is in the center and the wire does not touch the
wall,

Conduction from the tube wall to the thermocouple (TC) Junction was ana-
lyzed for chromel-alumel thermocouple. With 36-gage wire (0.005 inch diemeter)
and 0.25 inch of bare thermocouple wire normal to the air stream:
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An 1dea.i value for this ratio would be zero. The ratio is less than 0,01 if
the thermocouple length is increased to one inch.

The installation finally used had about 1.5 inches of wire between the
wall and the junction and is shown in Figures A-3 and A-k. Glass insulated
pass-throughs were soldered in place to provide a positive seal. A slight
tension in the wire held the thermocouple positively in position.

Freeze-out Tube Operating Temperatures.- Before freeze-out of contaminants
was begun, the freeze-out tube thermocouples were checked by comparison with
laboratory thermometers at room temperature (71+°F) to see if temperature read-
ings were consistent with the chromel-alumel standard millivolt calibration
curves. The readings all checked within one degree based on these curves.

The thermocouples were also checked at low temperature by cooling the
heat exchanger to LNy temperature by flowing INo through both sides of the
heat exchanger, Except for thermocouple No. 6 at the uninsulated end of the
heat exchanger, thermocouples 1 through 9 (all those inside the heat ex-
changer) read -5.88 + 0.02 millivolts. This should correspond to the tempera-
ture of the LN> in the laboratory which was measured by e thermometer and
found to be 140°R (the standard boiling temperature at one atmosphere). As
the standard calibration curves do not extend to this range, the -5.88 mi11i-
volts at 140OR was taken as a calibration point. From this point and the
room temperature point, a calibration curve for these thermocouples was
plotted using the standard calibration curve as a guide as shown in Figure A-5.
This plot was used during testing.

Another aspect of the freeze-out tube temperature is the circumferential
gradient around the tube. For the brazed parallel tube heat exchanger, a
typical temperature difference across the two tubes is shown in Figure A-6,
as measured by the thermocouples. The temperature difference across both

2L0°R

Air Tube Outside
Wall Temperature

228°R
No Tube
Outside Wall

Temperature Measured Measureéd By
By TC-1T TC-12
Air Tube
Junction Well
Temperature

(Not Measured)

Figure A-6.- Heat Exchanger Temperature Gradient
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tubes being 12°F, the temperature difference around the air tube should be
less than this amount. Several samplings of wall temperature from the data
gave differences ranging from 8 to 19°R. It is estimated that the temperature
gradient around the air tube was nominally 10CR.

A major factor in the simulation of a freeze-out radiaetor was considered
to be the longitudinal temperature profile. This profile will effect the dis-
tribution of frozen contaminant along the tube, and in turn the removal effec-
tiveness and loading characteristics of the tube. For this reason it was
attempted to simulate the profile previously calculated.

An example of several typical profiles obtained during testing are shown
in Figure A-T. Also indicated is a band, into which most of the temperature
data fell. Temperatures above 300°R may not exist in an actual radiator tube
since a regenerative heat exchanger would probably be used in the freeze-out
system. Therefore, air would enter the tube at around 300°R and some freeze-
out removal would take place in the heat exchanger.

Nitrogen Apparatus

A flow schematic diagram of the nitrogen cooling system is shown in
Figure A-8. Standard cammercial gaseous nitrogen storage bottles (K-bottles)
of 50 liters volume and storage pressure of 2,500 psi were utilized. The
apparatus was arranged so that nitrogen supply could be provided continuously
for any duration. This was accomplished by utilizing a reserve bottle which
was maintained at approximately the storage pressure by keeping valve VNS-27
closed during normal operation. When the supply bottles' pressure, displayed
on the regulator's upstream pressure gage, approached zero psi, VNS-28 was
closed and VNS-27 opened. With the reserve bottle providing the flow, the
supply bottles were replaced with full bottles and VNS-28 opened. This raised
the pressure of the reserve bottle to approximately the storage pressure of
the supply bottles. VNS-27 then was closed and the reserve bottle again was
ready when needed.

Commercial liquid nitrogen was stored in portable 50 liter containers
each providing approximately four hours of testing. The liquid was trans-
ferred fram these containers to an open-mouthed dewar by pressurizing the
liquid nitrogen container with facility air. The gaseous supply nitrogen
was passed through a copper coiled heat exchanger which was submerged in the
liquid nitrogen in the open-mouthed dewar. With the large heat cepacity pro-
vided by the liquid nitrogen and the high thermal conductivity of the copper
coil, the gaseous nitrogen leaving the coiled heat exchanger was close to
the liquid nitrogen temperature of 1L0°R.

A system of valves provided for any combination of inlet flow rate and
temperature. Referring to Figure A-9, it can be seen that the total nitrogen
flow rate can be adjusted by the adjustable regulator VNR-23. The flowmeter,
F-2 provides for a reference for repeatability. The nitrogen temperature at
the inlet shown as Tj can be set at any value within the range of 1LO°R and
S00°R by proportioning the split of nitrogen flow between valves VNM-25 and
VNM-26, The temperature profile, i.e., the scheduled increase in temperature
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Figure A-9.- Temperature Control System

with length of tube, was controlled by diverting the nitrogen flow from the
heat exchanger tube through the control valves VNS-11 through VNS-1lk.

Vacuum System

The vacuum system used for evacuation of the freeze tube is shown in
Figures A-10 and A-11. It consisted of two roughing pumps and a dual oil
diffusion pump. Roughing pump No. 1 was used to initially evacuate the tube
before it was opened to the diffusion pumps. Pump No. 1 was usually left N
pumping continuously on the heat exchanger between tests to remove residual
contaminants and assure a clean tube for upcoming tests.

For evacuation simulating the space environment, the freeze tube was
opened to the diffusion pumps. These pumps were each four inches in diameter
and worked in conjunction with roughing pump No. 2. This particular system
was capable of pumping the freeze tube to a pressure of about T x 1070 mm Hg.

Two thermocouple gages were in the system, one on the heat exchanger and

one on the pump side. A vacuum ion gage and a Mcleod gage were placed on the
pump side of the system for accurate high vacuum measurements. All the gages
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were used during evacuation of the heat exchanger to cover the full range of
pressures, The Mcleod gage was also used for absolute pressure checks on
the other gages. ,

Conteminant and Air Feed System

A system of valves and flowmeters and a supply of various contaminants
provided for the introduction of one or more contaminants into the air stream
at concentrations in the low ppm range (see Figure A-12),

Facility air spproximately 100 psig was known to contain CO> and water
vapor, and same trace contaminants, To remove these campounds from the air
prior to testing it was passed through a canister containing activated char-
coal, lithium hydroxide, and calcium sulfate, The trace contaminents were
removed in the activated charcoal. COo was adsorbed by lithium hydroxide.
Calcium sulfate removed the water vapor present. A sketch of the filter,
Figure A-13, shows how the chemiceals were proportioned.

To prevent rapid loading of the calcium sulfate with water, a cold trap
was placed upstream of the chemical filter (Figure 14). The trap, a metal
cylinder with an inlet and an outlet, was cooled to approximetely 340°R by
being sultmerged in an acetone and dry ice bath. Water and any possible COo
which was frozen out in the trap was removed after each run by warming up

the trap.

Downstream of the water trap, the alr stream passed through a section
of tubing which was maintained at 600°R by an exterior winding of heating
tape., This section of heated tubing prevented possible clogging due to frozen
particles. It provided uniform flow through the line and a constant pressure
in the air feed system,

To check the purity of the air from the chemical filter an IR gas ana-
lysis was made. It was campared with an IR trace of an evacuated cell.

The metering board (see Figure A-15) has three contaminant feed lines
and two conteminant rotameters, Contaminants which are in the liquid state
at room temperature were placed in a glass flask connected between valves
VAS-3 and VWiM-20, The contaminant was introduced into the air stream by
passing air through the flask. By opening VAS-3, vapors fram the contaminant
were carried with the air through the metering valve VGM-20 and through the
flowmeter F-4 into the mixing chember. Adjustment of the relative concen-
tration of the conteminant in the air stream was controlled by the metering
valves VAS-3, VGM-20 and VAM-21, The actual concentration levels were deter-
mined by gas analyeis of samples taken downstream of the mixing chamber,

Contaminants existing in the gaseous state at room temperature were in-
troduced into either of valves VAM-4 or VAM-5 from a pressurized tank of the
contaminant diluted with nitrogen. If liquid and a gaseous contaminant (such
as liquid benzene and gasecus carbon dioxide) were to be tested together, the
gaseous contaminant was introduced into VAM-5 and the flowmeter F-5 used as
a gulde for control of the concentration level,
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Gas Analysis Equipment

Monitoring gases in the low parts per million range is generally quite
difficult., The two instruments used for this purpose during the freeze-out
testing were an infrared (IR) spectrophotometer and gas chromatograph shown
in Figure A-16.

Infrared Spectrophotometer (Beckman IR-S5A).- This instrument basically measures
the adsorption of infrared electromagnetic radiation by & sample of the gas

to be monitored. Different gases adsorb radiation at specific wavelengths
over the IR range of the electromegnetic spectrum. Therefore, the instrument
must be capable of measuring adsorption at various wavelengths.

A Beckman type IR-5A instrument was used during testing. This is an
automatic recording, double beam scanning instrument designed for the quali-
tative and quantitative chemicel anelysis of solids, liquids and gases. The
instrument scans the entire IR wavelength range in slow scan (16 minutes)
recording in percent transmittance. Wavelength reproducibility is 0,010
micron and wavelength scale expansion is 1.25 inches per micron. The unit
can be started at any wavelength and allowed to scan only a specific wave-~
length (to monitor a specific campound) over & period of one minute or less,

Spectrophotometric gquantitative anslysis is based on Beer's law, which
expresses the relationship between IR light absorption and the concentration
of the compound in solution. Beer's law states that absorption is proportional
to (1) the absorptivity of the compound, (2) the IR light path length through
the saemple, and (3) the concentration of the compound. This law holds true
for most gases if there are no chemical or physical reactions taking place.
Therefore, the greater the number of molecules of the gas being monitored
which are in the beam path, the greater the absorption at the specific wave-
length., High absorption to monitor low concentrations can be accamplished
by increasing the sample pressure or by making the beam pass through more
sample. In the apparatus a ten-meter path length cell was employed to in-
crease the amount of sample in the IR beam. This was a four-liter gas chamber
with high reflectance mirrors to fold the light beam back and forth to make
& ten-meter path. With this cell, sensitivities ranged fram the low parts
per million full scale to low percent full scale depending on the absorptivity
of the specific molecule. Only those campounds with a very high absorptivity
at a specific wavelength were monitored by this method.

In the freeze-out test apparatus the ten-meter cell was plumbed directly
into the air line and the analysis made while the air flowed through the cell.
A system of diversion valves was used to switch the cell from the heat ex-
changer inlet to outlet position. At the O.43 pound per hour flow rates,
this cell was found experimentally to be 95 percent purged in two minutes
and 99 percent purged in five minutes,

Gas Chramatograph (Beclkman GC-2A).- The gas chramatograph is a highly con-
trolled partitioning system for separating constituents of a gaseous sample.
Once separated the gases are detected and measured quantitatively by one of
many means., In this instrumental setup & non-destructive thermal conductivity
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Figure A-16.- Gas Analysis Equipment
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detector was used immediately after the partitioning column and then a hydro-
gen fleme detector which burns the combustable compounds and measures the

ion density above the flame. The hydrogen flame has a much greater sensitivity
for most combustable compounds than does the thermal conductivity detector.

The hydrogen flame sensitivity 1s dependent on the eamount of noise, both
electronic and chemical, and the ion density produced by a particular molecule.

Gas samples were taken entirely by syringe from the sampling ports on
the gas lines and injected into the chramatograph inlet port. Silicone rubber
diaphragms were used in all gas sample ports to minimize contamination. Gen-
erally a gas sample of 80 microliters was used for snalysis and was introduced
from a syringe employing a stop on the plunger which gave a repeatable and
constant volume sample,

Sensitivity and Calibration.- Accurate calibration of the monitoring instru-
ments at the very low ppm values was found to be extremely difficult., Most
measurements were made at the lower limits of sensitivity on both the chro-
matograph and the infrared spectrophotometer. Two methods of calibration
were employed when possible in an attempt to eliminate systematic errors and
insure an accurate calibration.

In the first method an appropriate gas or liquid sample was injected
into an evacuated 34.85 liter stainless steel tank to produce the highest
concentration desired for the calibration curve. If the same was a liquid
with a boiling point such that it would not vaporize at vacuum conditions
then the sample injection port was heated. With the sample vaporized the
tank was pressured with filtered air to two atmospheres and after allowing
time for mixing, the samples were taken by syringe for the chromatograph or
piped to the spectrophotameter. For subsequent concentration points the
tank was reduced in pressure and repressurized with filtered air to give the
dilution necessary for the desired concentration.

The second method was to purge and evacuate the 34.85 liter cell and
inject the correct amount of gas or liquid for each concentration. The cell
vas repressurized with filtered air the same as the first method., The volume
of liquid contaminants becomes extremely small at the very low ppm values
and increasing error can be expected in preparation of gas standards.

The accuracy of the calibration depends on the sample size, the chemical
characteristics of each compound and the instrument used for analysis.
Ammonia presented problems in calibration due to corrosive and reactive nature
of the molecule. The compounds which were measured by chromatographic methods
were estimated to be accurate to +2% above 25 ppm, +10% at 10 ppm and +50%
at 0.5 ppm due to background noise in the electronics and the hydrogen flame.
The infrared analyses were less accurate when standard curves taken over the
testing period were campared. As much as +75$ deviation from & mean were
noted. Although this is quite large it is “sufficient to give useful results
concerning the effectiveness of contaminant removal by freeze-out.
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Chemical Canisters

Canisters containing silica gel and molecular sieve pellets were assem-
bled for insertion into the air stream (Figure A-17). These canisters were
used to determine the adsorption characteristics of silica gel and molecular
sieve beds. The theory prompting the tests is that if these beds are capable
of adsorbing contaminants, then the efficiency of a freeze-out radiator down-
stream of such canisters in a molecular sieve-type CO» concentrator is com-
promised. Contaminants that ere trapped in the canisters may be desorbed
from the chemicals and purged back into the cabin,

Silica Gel.- There were two different canister configurations used for silica
geI. The one used during the benzene test contained 100 grems of Davison
Chemical Co. silica gel (5 mesh - grade 42) which had been loaded with approxi-
mately five grams of water. The granules of silica gel were packed in a 2.2-
inch diameter glass canister with inlet and outlet ports at opposite ends.

The length of the packed bed wes 1.75 inches.

The canister used during the ammonia test contained 50 grams silica gel
loaded with about 5% water., It had an inside diameter of 1.0 inch and an
over-all compressed length of 4.0 inches.

Molecular Sieve.- The molecular sieve canister contained 50 grams of one-
eighth inch diameter pellets, type S5A molecular sieve. The glass container
had a 1.0-inch inside diameter. The length of the packed molecular sieve
bed was 5,0 inches.

Over-all System Description

The over-all freeze-out test apparatus is shown pictorially in Figures
A-18 and A-19, and schematically in Figure A-20.

Facility air enters the system, is pressure regulated by VAR-31, and
the main stream of air is passed through rotameter F-3, The contaminants
are introduced through one or both of the rotameters F-4 and F-5. The mixing
chamber pressure is held constant by means of continuously venting alr through
vent valve VGR-30, This constant pressure provides for steady flow of con-
taminant and air to give a steady contaminant concentration level.

From the mixing chamber the contaminated air flows to a vent and to the
freeze-out heat exchanger. The vent stream can be routed through the IR
spectrophotometer for analysis of the mixing chamber gas. This is done by
placing the four-way valves VGD-18 and VGD-19 in the positions shown in
Figure A-20. These valves are also used to divert the outlet air fram the
heat exchanger to the IR. This is done by rotating both valves 90° from the
positions shown. The flow rate through the heat exchanger is measured by
means of rotemeter F-1 and the temperature and pressure instrumentation up-
stream of the rotameter,
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Figure A-17.- Chemical Adsorbent Canisters
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Air flow through the freeze tube was controlled by means of VGS-9. The
differential pressure across the tube was measured by the water manometer Mj.
During evacuation of the freeze tube VGS-9 and VGS-17 were closed to isolate
the tube from the air flow system. VGD-29 was rotated so that the tube was
opened to the mercury barcmeter Mo rather than to Mj.

The thermocouples shown in the figure were placed two feet apart along
the heat exchanger section of the tube., The inside thermocouples are numbered
‘one through nine and were 36 gage chromel-alumel. The remaining exterior wall
thermocouples were 24 gage chromel-alumel, The thermocouples were read out
manually with a potentiameter.

The nitrogen cooling system utilized liquid nitrogen pumped, as needed,
to the open-mouthed dewar. The flow of cold geseous nitrogen through the
heat exchanger was controlled by the system of valves shown and discussed in
a preceding section.,

When the chemical canisters were being tested they were inserted into
the line in the position shown. A minor plumbing change was made to by-pass
8lr around the heat exchanger. In this case the equipment in the upper half
of the schematic diagram was utilized in the manner previously described.
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APPENDIX B
TEST PROCEDURES

General Test Procedure

A general test procedure was used for all tests with same variationms,
such as duration of tests, use of vacuum purge, and use of moleculer sieve
or silica gel canisters. The general procedure is described here, The
variations are discussed with the particular test results involved.

Prior to initiating tests in which the heat exchanger was operating,
the freeze-out tube was purged with clean facility air, closed, and evacuated
to prevent introduction of stray contaminante during chill down. Then gaseous
nitrogen was Iintroduced through the nitrogen tube of the heat exchanger with
all vents open to insure that all the tubes and valves were clear of obstruc-
tions., After a few minutes, all of the vent valves were closed except VNS-10
(Figure A-20), allowing all of the nitrogen to traverse the entire length
of the tube. Then liquid nitrogen was introduced into the open dewar cooling
the gaseous nitrogen. By means of the thermocouples installed in the heat
exchanger, the tube temperatures were monitored. Within ten minutes at a
naminal nitrogen flow rate of 50 liters per minute at 10 psig, the tube tem-
peratures were approximately 200°R. The proper temperature profile was then
established by opening the vent valves (VNS-11, 12, 13 and 14) to predeter-
mined settings.

Coincident with the heat exchanger chill down operations, flow through
the contaminent feed circuit was started. The initial operation was to lower
the cold trap acetone temperature to approximately 340°R by submerging dry
ice in the acetone. Then facility air flow was started and regulator VAR-31
vas set at approximately 20 psig. The heater downstream of the cold trap
was activated and the pressure downstream of the filter was monitored to
assure that it was holding constant. The main air flow was routed through
the metering valve VAM-21, the flowmeter F-3, the mixing chamber and the
relief vent VGR-30, The contaminant flow was initieted through the appro-
priate valves and reference flowmeters in the contaminant feed system. Several
analyses of the mixing chamber gas were made to establish the proper contemi-
nant concentration, This was done by diverting flow to the IR or taking
syringe samples for the gas chramatograph.

When contaminant end air flow had been established and the heat ex-
changer had been chilled, flow was started through the heat exchenger. The
test air stream split downstream of the mixing chamber and passed to the
heat exchanger and to the IR spectrophotometer, when used, with VGS-9 and
VasS-17 open and the directional valves VGD-18 and VGD-19 in the proper posi-
tions. Valve VGS-6 was always throttled to allow VGR-30 to comstantly vent
to atmosphere thus stabilizing the mixing chamber pressure. The test air
streem flow rate was adjusted to about one-half pound per hour on flowmeter
F-1 by valve VGS-9, At this point in the procedure, final adjustments of
the nitrogen temperature control valves were made and the air stream tem- .
perature profile monitored by the thermocouples TC-1 through TC-5.
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Inlet and cutlet contaminant concentrations and temperatures were moni-
tored throughout the test and necessary adjustments made to maintain flow
rate, inlet contaminant concentration, and temperatures at their desired
values. The duration of the test was determined by the test objectives and
the results obtained during the test.

COs Vacuum Purge and Ioading Procedures

A similated vacuum purge was conducted to predict the effectiveness of
purging a flight radiator to space., The procedure used to accomplish the
purge and o measure and calculate the purge effectiveness was as follows.

Following the loading of COp within the heat exchanger, the air tube of
the heat exchanger was isolated from the rest of the system including mano-
meter for measuring differential pressure. The tube was then opened to the
vacuum system and evacuated to approximately T x 10~> mm of mercury for
periods of up to two hours. During this time the tube was maintained at the
freeze-out temperature. The vacuum system was shut off fram the freeze tube
and 1t was then heated by flowing gaseous nitrogen through the nitrogen tube
at room temperature. As the tube was heated, the COp remaining in the tube
sublimed, thus increasing the pressure which was measured by the mercury mano-
meter. The residual gas was also analyzed for COp content using the IR.

The amount of COo remaining after the purge was calculated fram the
perfect gas laws and the gas analysis. The amount removed by the vacuum
purge was teken as the difference between the residual and the amount deposited
as calculated from air flow measurements and inlet and outlet CO2 concentration
history during the loading period of the test.

The equations used for the calculations are as follows:
1. The COp frozen on tube wall during loading (W) is,

/0002

Wy = ﬁai.r “Rair t (pemyn - ppmg,.) 1076

pounds,

vhere: (pmm);, = the average inlet concentration of COp

t = time (hours)
o
W = flow rate of the conteminated air (pounds per hour)

/O

density



Lo

2. Contaminant remaining in the tube after purge (We) is,

PV
Wf = ﬁ,
vhere: P = equilibrium partial pressure of COp (lb/ftz)
V = freeze tube volume (ft3)
R = gas constant of CO,
T = equilibrium tube temperature

The COo loading test was accamplished using the general test procedure
explained previously. With air containing approximately 600 ppm of CO2 flow-
ing through the heat exchanger air tube, the differential pressure manameter
across the air tube was monitored. The duration of the test was dictated by
the rapidity of the pressure drop builldup across the tube.

Chemical Bed Adsorption Test Procedure

Separate canisters were filled with silica gel and molecular sieve
pellets and tested for adsorption of benzene and ammonia., The general pro-
cedures for contaminant introduction and monitoring which were described
previously were used for these tests.

The silica gel bed of a functional CO» concentrator undergoes a speci-
fic water loading history. It is difficult to simulate this loading history,
and instead it was attempted to load the test silica gel initially with the
average water content of a functional bed and introduce the contaminant in
a dry air stream., The average adsorption of water was estimated at 5% (by
weight) for a functional bed following desorption by heating. Therefore,
prior to use, the silica gel was dried in an oven at 350°R and then let
stand in the open air until its weight increased approximately 5%.

The molecular sieve pellets were used as obtained from fresh supply
Jars. They were not allowed to stand exposed to room air.

In these adsorption tests the freeze-out radiator was not used. The
chemical canisters were installed in the system downstream of the mixing
chember, as shown earlier in Figure 31. Ges chromatograph syringe sampling
ports were available upstream and downstreem of the beds, and were used to
monitor benzene. The infrared spectrophotameter was used to monitor ammonia.
The inlet and outlet concentrations of air flow through each bed was moni-
tored. In this way the amount of conteminant adsorbed in the chemicals was
found. The specific test runs are indicated in the table below. Test No. 2
was run with a silica gel bed and a molecular sieve bed in series. The first
test with benzene was run with an inlet concentration approaching the SMAC.
Later tests were run at higher concentrations to load the canisters more
quickly.
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Test Contaminant Silica Gel Molecular Sieve

1 Benzene X
2 Benzene X X
3 Benzene X
h Ammonia X
5 Ammonia X
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13.
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